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SUMMARY 
A high proportion of human cancers are attributed to 
environmental chemicals. Of late, dietary sources of mutagens and 
carcinogens have been implicated in carcinogenesis. Several well 
defined class of genotoxic compounds have been identified in 
processed and unprocessed foods. These include nitrosoamines, 
flavonoids, saffrols, polycyclic aromatic hydrocarbons, pyrolizidine 
alkaloids, 1,2-dicarbonyl compounds, pyrazines, pyrolysis products, 
furans and tannins. Therefore, dietary mutagens have attracted 
considerable interest and a number of studies on dietary practices in 
relation to cancer have been undertaken. The predominance of 
certain foods in some countries has been related to the incidence of 
certain types of cancers in their populations. 
Riboflavin, known as Vitamin B ,^ has found widespread 
application in food products both as a nutrient and as a colouring 
agent. However, when riboflavin is exposed to light it produces 
mutagenic and genotoxic effects in eukaryotic cells. Earlier reports 
from this laboratory have shown that riboflavin generates superoxide 
anion (0,) upon photoillumination and in the presence of Cu(ll) 
causes fragmentation of DNA. It was further shown that riboflavin 
binds to both double and single-stranded DNA and forms a charge 
transfer complex with Cu(II) that decays in an oxygen dependent 
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reaction. In the present study, we examined the effect of 
photoilluminated riboflavin and Cu(II) on proteins, and the genotoxic 
effects of photoilluminated riboflavin in the presence of Cu(II). 
Fluorescence quenching experiments have shown that 
riboflavin binds to proteins and causes fragmentation which is 
enhanced in the presence of Cu(II). Photoilluminated riboflavin in 
the presence of Cu(II) degraded proteins to heterogenous sized 
fragments detectable by SDS-PAGE. Increased susceptibility to 
tryptic proteolysis was also seen after bovine serum albumin (BSA) 
was incubated with riboflavin-Cu(II) system. Cu(I) was shown to be 
an essentia] intermediate by using Cu(I) sequestering reagent 
neocuproine which inhibited the fragmentation reaction. Changes in 
the absorption spectrum of riboflavin on addition of protein and 
Cu(II) indicated the formation of a ternary complex. Uric acid is a 
proposed natural physiological antioxidant and is classically a 
radical scavenger. Reaction between uric acid and free radicals 
generates urate radical which has been shown to have a damaging 
effect on macromolecules. The rate of fragmentation of BSA by 
riboflavin-Cu(II) was enhanced when uric acid included in the 
reaction mixture. 
Using phage inactivation assay, a significant decline in plaque 
forming unit (FPU) was seen. Results of Ames testing have suggested 
that probably a framshift mutation was caused by riboflavin-Cu(II) 
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mediated reaction. Results obtained with various scavengers of 
active oxygen species strongly suggest that singlet or triplet oxygen 
is predominantly responsible for the damage. A probable mechanism 
of photoexcitation of riboflavin leading to generation of various 
active oxygen species in presence of Cu(II) has also been proposed. 
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PROTEIN MODIFICATION STUDIES 
Metabolism involves the ordered transport of electrons from 
reducing substances to oxidizing species and its linkage to energy 
conversion. In aerobic organisms, the terminal electron acceptor is 
oxygen, which receives four electrons in a concerted fashion to 
produce water. Single electron may, however, 'leak' at sites of 
transfer (e.g. active sites of oxidoreductases and the mitochondrial 
electron transport chain), permitting the inappropriate, single electron 
reduction of oxygen to the superoxide (O^) radical (characterized 
by the presence of an unpaired electron). This radical may 
disproportionate or accept a further electron from a reducing agent 
such as a thiol or ascorbate to yield peroxide (H^O )^ (Wolff e^  «/., 
1986). There is evidence that H^ O^  may then react with certain 
chelates of copper and iron (e.g. Cu/histidinyl complexes) to yield 
the hydroxyl radical (0H-) in vitro (Halliwell and Gutteridge, 1984). 
The hydroxyl radical can react with most molecules very rapidly by 
a combination of addition, hydrogen abstraction or electron transfer 
reactions. This makes it an attractive candidate for the cytotoxic 
action of radical generating species in vivo (Wolffs/ al., 1986). 
There is a great deal of radiobiological literature on free 
radical interactions with nucleic acids, and these interactions have 
recently been coupled to the demonstration of expected oxidation 
products in human urine. Hydroxy] radicals are known to fragment 
polysaccharides (e.g. hyaluronic acid) and free radicals participate 
in lipid peroxidation (Slater, 1984). In contrast, little is known of the 
interactions of free radicals with proteins. Proteins may thus be 
critical targets because they are present inside and outside the cell 
in high concentrations and, since many are catalytic in nature, 
modifications by free radicals may have an amplified effect 
on their activity i.e. susceptibility to proteolysis, inactivation and 
degradation etc. 
Modification of protein activity by free radicals 
The modification of amino acid residues by OH- and 0^' and 
subsequent changes in enzyme activity, have been used to identify 
residues crucial for protein function, such as methionine, tryptophan, 
histidine and sulphydryl groups (Garrison, 1968). Enhancement of 
inactivation of certain enzymes by secondary radicals, such as 
thymine peroxy radicals, has also been described (Gee etal., 1985). 
In general, the consequence of radical modification of enzymes is 
inactivation. Of late, it has been speculated that repair mechanisms 
may exist for several of the protein modifications (Willson, 1983). 
Cellular reductants and antioxidants may replenish electron or 
hydrogen atom 'holes' after OH- attack and cleave protein-
disulphides (Wolffe/a/., 1986). 
Using BSA and Chinese - hamster ovary cell soluble proteins, 
Wolff and Dean (1986) have demonstrated the sensitivity of proteins 
to oxygen free radicals derived from gamma-irradiation, metal ions 
and yiPy Oxygen free radicals derived from ascorbate and Cu(II) 
(Marx and Chevion, 1986) as well as glucose in presence of oxygen 
and Cu(II) also caused similar effects (Hunted a/., 1988). The latter 
reaction is important in the sense that it appears to contribute, in 
addition to Amadori rearrangement, to the glycation of proteins 
during diabetes and ageing (Hunt et al., 1988). 
Dean et al., (1989) have proposed that proline and histidine 
may be the major sites of damage during radical attack upon 
proteins, and they are transformed respectively to glutamate and 
aspartate. This was investigated using proteins biosynthetically 
labelled with radioactive proline or histidine as targets. Free radicals 
were generated by copper and H,0, or by y radiolysis. Protein 
bound histidine was substantially converted to aspartate. Much 
proline was modified during radical attack, but it was not converted 
into glutamate. Thus, histidine and proline are important sites of 
protein attack by radicals and protein cleavage may result from these 
reactions. 
Davies (1987) has reported that proteins which have been 
exposed to certain oxygen radicals,exhibit altered primary, secondary 
and tertiary structure and can undergo spontaneous fragmentation 
or increased proteolytic susceptibility. Similarly, previous studies 
(Davies et at., 1987; Davies and Delsignore, 1987; Davies, 1985; 
Levine, 1983; Chin et al., 1982) have shown that oxygen radicals 
and other activated oxygen species such as H^ O^  can increase 
protein degradation in intact cells and intracellular organelles, as 
well as in vitro systems.Reactive oxygen species may thus play an 
important role in cellular protein turnover (Davies, 1986; Davies, 
1987; Stadman, 1986; WoUf etai, 1986). The available data mdicate 
that active oxygen species may act by altering cell proteins and 
making them more susceptible to degradation by intracellular 
proteolytic systems (Davies, 1986; Davies, 1987; Stadman, 1986; 
Wolff e/a/., 1986). 
There is currently much interest in the role of free radicals in 
human disease (Slater, 1984; Clark ^^a/., 1985; Sies, 1985).6;and 
H^O^ are known to be produced in many biological systems but 
those are relatively harmless as they react with biomolecules at low 
rates and specific enzymes exist to remove them. In the presence of 
certain metal ion complexes, however, the presence of O," and H,0, 
can lead to the formation of the highly reactive and damaging 
hydroxyl radicals. Forthis reason, cells usually keep metal ions very 
firmly bound in unreactive forms (Halliwell and Gutteridge, 1986). 
The most prominent reactions involved in this metal-catalysed 
OH generation are 
6 ; + M°+ > 0, + M(°-"" (1) 
H^ O^  + M<"-')^  > 0H-+ OH- + M"" (2) 
Net 6 ; + Hp^ - -> O^  + OH" + OH- (3) 
The overall reaction (3) is often referred to as the metal-
catalysed Haber-Weiss reaction. This has been most often studied 
with iron salts but copper ions will also catalyse the reaction; in fact 
cuprous salts generate OH from H,0, faster than ferrous salts 
(Halliwell and Gutteridge. 1984). If cupric salts are mixed w ith H,0, 
the following reaction occurs ; 
Cu "^ + H.O, > Cu- + H 6 , + H ' (4) 
The Cu^ ions thus generated are able to generate OH- via 
reaction (2). 
In the body free copper ions are not normally available but are 
bound tightly to serum albumin. The tendency of copper ions to 
bind readily to amino groups of proteins has often made it appear 
that proteins will thus prevent copper-ion-dependent OH* formation. 
Actually, the OH- generation is not prevented but rather localized to 
the site of binding of the copper ions, and the protein molecule itself 
will be damaged by OH- radicals (Gutteridge and Wilkins, 1983; 
Hunt et ah, 1988). Histidine residues have been particularly implicated 
as sites of copper-ion-dependent protein degradation (Dean, 1987). 
In fact, the effect of complexing catalytic metal ions on OH 
production is not readily predictable. Chelating agents may promote 
metal-ion-dependent OH- formation (e.g. Fe"'^ -EDTA) or inhibit it 
(e.g. Fe'^ ^-desterol), depending on a number of factors including (i) 
the solubility of complex, (ii) the redox potential of the M °^"'^ VM"^  
couple and consequently its ability to be reduced by O^ ", and (lii) 
whether or not it has a free co-ordination site and so it is able to 
catalyse H^O^ breakdown (Graf e? aJ., 1984). 
Protein degradation as an index of oxidative stress 
Oxygen radicals and other activated oxygen species are 
known to participate in numerous physiological and pathological 
processes. Situations which augment oxidant exposure, or 
compromise antioxidant capacity, are commonly referred to as 
oxidative stress. Oxidative stress can result from exogenous sources 
i.e. redox-active xenobiotics (Davies and Doroshow, 1986; 
Doroshow and Davies, 1986: Marcillat et al., 1989) or from 
increased in endogenous oxidative metabolism i.e., mitochondrial 
electron transport (Davies et al., 1982). Regardless of its source, 
oxidative stress has been found to effect the behaviour of several 
different cell types. 
Oxidative stress, as already mentioned, is the most ubiquitous 
stress to which mammalian cells are subjected (Sies, 1991). The 
mechanism of triggering of the stress response is under active 
discussion, both in general stress (Straus et al., 1987; Morimoto et 
al.. 1990) and as a consequence of oxidative stress (Tartaglia et al., 
1991; Morimoto e/fl/., 1990). 
Protein crosslinking and fragmentation 
Free radicals such as OH- and possibly alkoxy (R0-) 
intermediates of lipid peroxidation can fragment and crosslink 
proteins (Wolff e/fl/., 1986; Schuessler and Schilling, 1984). In the 
absence of molecular oxygen, OH* induces crosslinks in proteins 
which are often resistant to reduction, such as dityrosine (Halliwell 
and Gutteridge, 1984). Some crosslinking may also occur in the 
presence of oxygen but fragmentation is then much more pronounced. 
Proteins are fragmented and modified by H,0, in the presence 
of transition metals or suitable chelates thereof (Gutteridge and 
Wilkins, 1983; Wolff and Dean, 1987). Chelated iron must possess 
an HjOj-coordination site for this reaction to occur. Hydroxyl 
radicals so generated may react with the chelating species rather 
than escape from the site of their generation. Thus, generation of 
OH- by copper/histidinyl complexes seems to lead to oxidation of 
the histidine residues to yield aspartate (Cooper, et al., 1985). 
Protein fragmentation by OH is a selective process: fragments 
of defined rather than random length are generated (Wolff and Dean, 
1987; Gutteridge and Wilkins, 1983). The number of fragments 
produced varies from protein to protein, collagen giving a large 
number of fragments. Fragmentation increases number of amino 
groups (Wolff and Dean, 1987), suggesting that cleavage involves 
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peptide-bond hydrolysis. There is evidence that fragmentation 
occurs by oxidation and subsequent spontaneous hydrolysis of 
proline residues. There is also an increase in glutamate concentration 
and a decrease in viscosity during radical attack on polyproline 
(Wolff ('ffl/., 1986). 
Interaction between intermediates in lipid peroxidation 
and protein degradation 
Food technology studies have shown that peroxidizing lipid 
damages proteins. Most emphasis has been placed on protem 
crosshnking but there is also evidence of fragmentation (Schaich. 
1980. Hunt eta1.J9n. Wolff, 1987). These reactions with proteins 
may involve both, the radicals, (Bedwell et aJ., 1989) and the 
aldehyde generated (Hunt et al, 1988) during lipid peroxidation 
Perhaps the most widely studied biological lipid/protem 
system is that of low-density lipoprotein (LDL) During peroxidation 
of the lipid component, the apoprotein of LDL becomes fragmented 
(Parthasarathy et at. 1985, Bedwell et al., 1989) and there is 
crosshnking and residue modification Many studies have shown 
that cell-mediated alterations, in which LDL is incubated with 
endothelial cells, smooth muscle cells or mononuclear phagoc\tes 
from a number of species, lead to the generation of modified form(s) 
of LDL which are more rapidly endocytosed b\ macrophages 
(Heinecke et al. 1984. Hensberg et al. 1986) 
There is much e\idence of inactivation of membrane enz\mes 
during lipid peroxidation (Dean et al , 1986) Because the 
mitochondrion is an important source of cellular 0," and H,0, 
Wolff e-rr// (1986)ha\e studied interactions between mitochondrial 
proteins and free radicals derned either from electron transport oi 
from lipid peroxidation Mitochondrial membrane monoamine 
oxidase was used as a model in these studies Fraamentation was 
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produced by OH/O^ and HO .^ In addition, much lipid peroxidation 
has been observed during radical attack (Dean et al. 1986). 
Susceptibility of radical-damaged proteins to enzymatic 
proteolysis 
Even limited oxidative modification of certain proteins can render 
them more susceptible to enzymatic hydrolysis by a number of 
proteinases (Fligiel et al., 1984; Davies, 1987; Wolff and Dean, 
1986). 
It has been suggested with respect to enzymes that inactiv ation 
precedes proteolysis (Hemmings, 1980; Holzer and Heinrich, 1980; 
Holzer, 1983). The degradation of other proteins may also occur by 
a two-step mechanism in which the protein is first modified such that 
it becomes more susceptible to proteolytic attack (Levine et al, 
1981; Toyo-Oka, 1982; Lev et «/., 1994). In the second step, a 
protease specific for the modified enzyme catalyses the actual 
proteolytic degradation. A survey of the literature reveals that, in 
many cases, exposure of proteins to oxygen radicals, both in vi\o 
and in vitro leads to increased exposure of hydrophobic surfaces 
(Wolff er a/., 1986; Davies, 1987), which may lead to subsequent 
aggregation and to increased susceptibility to proteolysis (Davies, 
1987; Strake-Reed and Oliver, 1989; Stadman, 1992; Rivett, 1985). 
11 
Conformational changes may also be involved in this process 
(Amado et al, 1984) and it was found that about two radical events 
per molecule of BSA suffice to cause conformational changes 
detectable in fluorescence spectra and increase in susceptibility to 
proteinases (Wolff et al, 1986). This increased hydrolytic 
susceptibility can be induced by OH, in both the presence and 
absence of 0^ as well as by a variety of peroxy radicals. Thus, both 
fragmentation and crosslinking conditions can induce increased 
susceptibility. 
Does radical damage influence protein breakdown in vivo? 
A number of processes knowTi to occur in vivo may, contribute 
either directly or indirectly, to the formation of damaging free 
radicals. Examples include the respiratory burst of phagocytes 
(Clark et al., 1985), mitochondrial electron transport (Dean and 
Pollak, 1985), Mitochondrial degradation during reticulocyte 
maturation, seems to depend on radicals produced by an endogenous 
lipoxygenase (Rapoport et al., 1985). Furthermore, Dean and 
Pollak (1985), found that isolated rat liver mitochondria in state four 
(limited by availability of ADP) degrade their endogenously 
synthesized protein faster when radical fluxes are enhanced (by 
chain blockers and uncouplers) as compared to when they are 
minimized. Chloroplast 32 KDa protein is also degraded more 
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rapidly when radical fluxes are enhanced by illumination (Matto et 
al., 1984). In a few cases, endogenous agents which may increase 
radical generation are known to enhance proteolysis, for instance, 
phenylhydrazine increases breakdown of haemoglobin in 
reticulocytes (Goldberg and Boches, 1982). It has been also shown 
that free radicals can fragment monoamine oxidase, a protein in 
outer mitochondrial membrane, (Dean et al, 1986). Cellular 
proteolysis requires ATP and so changes in ATP concentration can 
influence proteolysis (Khairallah et al., 1984). It is uTferesting that 
depletion of cellular reductants (such as NADH and Glutathione 
(GSH)) is often associated with enhanced proteolysis (Khairallah et 
ah, 1984). One explanation might be decreased repair of radical 
damage to proteins under conditions of oxidative stress. Similarly, 
zinc is known to possess some antioxidant properties and there can 
be an inverse correlation between zinc status and proteolytic rate 
(Wolffs? al., 1986). Model antioxidants, such as vitamin E, have 
been shown to play a critical role in retarding radical induced 
proteolysis, particularly that involving lipid intermediates (Dean and 
Cheeseman, 1987). 
Other possible consequences of damage to proteins by radicals 
Because of the catalytic role of many proteins, Wolff et al. 
(1986) suggested that damage to proteins may also be important, at 
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least in the short term and probably in the long term because proteins 
regulate gene expression. The extreme case of the possible relevance 
of protein damage is in cell lysis. 
Free radical fluxes can lyse cells. 'Professional phagocytes' 
generate such a flux at the cell surface in killing bacteria and 
parasites (Wolff e/ ah, 1986). Thus, it has been suggested that the 
critical targets of such a mechanism, might be transport proteins in 
membranes. A limited radical attack on a critical transport protein 
might cause a greatly amplified effect on the ionic homeostasis of 
the cells, with resultant osmotic lysis. Radical attack on some cell 
types results in damage to surface proteins (Clark, et ah, 1985). 
DNA MODIFICATION STUDIES 
It is generally accepted that a high proportion of human 
cancers is attributable to environmental agents, mainly chemical 
pollutants. The distribution of potential carcinogens in the 
environment is essentially ubiquitous. The human diet contains a 
variety of naturally occurring mutagens and carcinogens (Ames, 
1983). The predominance of certain foods in some countries has 
been related to the incidence of certain types of cancers in their 
populations. Therefore, dietary mutagens have attracted considerable 
interest in the past decade and a number of studies on dietary 
practices in relation to cancer have been undertaken. These studies 
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suggest that a greater intake of fibre rich cereals, vegetables, fruits 
and lower consumption of fat rich products and alcohol would be 
advisable (Doll and Peto, 1981; Peto and Schneiderman, 1981). 
Although quite a large number of dietary components have been 
evaluated in microbial and animal test systems, there is still a lack 
of definitive evidence about their carcinogenicity and mechanism of 
action. A majority of chemical carcinogens are knovm to form 
covalent adducts with DNA which is a critical target in chemically 
induced cancer (Miller, 1978; O'Connor, 1981). In order to 
understand carcinogenesis at the molecular level, it is essential to 
determine the conformational changes in the target macromolecules 
and relate these findings to possible aberrations in the functioning 
of modified macromolecules. Of late, there has also been an 
increasing interest in oxygen radicals and lipid peroxidation as a 
source of DNA damage and therefore as promoters of cancer 
(Harman, 1981; Gensler and Bernstein, 1981; Totter, 1980; Tappel 
1980). In addition mammalian systems have evolved many defence 
mechanisms as protection against mutagens and carcinogens. The 
most important mechanisms may be those against oxygen radicals 
and lipid peroxidation. 
Mutagens and carcinogens in dietary plant material 
It is obvious that food is a very complex substance to which 
humans are exposed. Most people perceive food substances of 
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natural origin as risk free because of lack of knowledge of dietary 
carcinogens. A large number of chemicals are synthesized by 
plants, presumably as a defence against a variety of invasive 
organisms, such as bacteria, fungi and insects (Kapadia, 1982; 
Clark, 1982;Pamukcue^fl/., 1980; Stiche^a/., 1981a). The number 
of these toxic materials are being continuously discovered (Jadhav 
et al., 1981; Griesebach and Ebel, 1978). Wide use of recently 
discovered short term tests for detecting mutagens (Ames, 1979; 
Stich and San, 1981) and a number of animal cancer tests on plant 
substances have contributed to the identification of many natural 
mutagens and carcinogens in the human diet (Kapadia, 1982). One 
example of most frequently ingested compounds is discussed 
below. 
Ivie et al. (1981) have reported that linear furo-coumarins 
(psoralens), which are widespread in plants of the Umbelliferae 
family, are potent light activated carcinogens and mutagens. Three 
of the most phototoxic furocoumarins are psoralen, xanthotoxin 
and bergapten. Psoralen also occurs in plants from several other 
families (Ivie, 1978). Psoralens are potent photosensitizers and 
highly mutagenic in the presence of activating long wavelength UV 
light. They readily intercalate into duplex DNA where they form light 
induced mono or diadducts with pyrimidine bases. Psoralen, in the 
presence of light, is also effective in producing oxygen radicals (Ya 
etal., 1982). 
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Oxygen radicals and cancer 
One of the theories of etiology of cancer which is being widely 
accepted, holds that the major cause of damage to DNA is by 
oxygen radicals and lipid peroxidation (Ames, 1983; Totter, 1980). 
Several enzymes produce superoxide anion (O^) during the oxidation 
of their substrates, for example, xanthine oxidase and peroxidase 
(Buetner et ah, 1978; Duran et al., 1977). Numerous substances 
such as reduced flavins and ascorbic acid upon autoxidation 
produce superoxide anion. This radical further accepts an electron 
from a reducing agent, such as thiols to yield peroxide (H^O,). 
It has been suggested that certain promoters of carcinogenesis 
act by generation of oxygen radicals, this being a common property 
of these substances. Fat and hydrogen peroxide are among the most 
potent promoters (Welsch and Aylsworth, 1983). Other well known 
cancer promoters are lead, calcium, phorbolesters, asbestos and 
various quinones. Inflammatory reactions lead to the production of 
oxygen radicals by phagocytes and this is the basis of promotion 
by asbestos (Hatch et aJ., 1980). Many carcinogens , which are also 
termed as complete carcinogens, do not require the reaction of 
promoters. They are by themselves able to induce carcinogenesis 
and also produce oxygen radicals (Demopoulos et al., 1980). These 
include nitroso compounds, hydrazines, quinones and polycyclic 
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hydrocarbons. Much of the toxic effect of ionizing radiation 
damage to DNA is also due to the formation of oxygen radicals 
(Totter, 1980). The mechanism of action of promoters involves the 
expression of recessive genes and an increase in gene copy number 
through chromosome breaks and creation of hemizygosity (Kinsella, 
1982; Varshavsky, 1981). 
Anticarcinogens 
The protective defence mechanisms against mutagens and 
carcinogens include the shedding of surface layer of the skin, cornea 
and alimentary canal. If oxygen radicals play a major role in DNA 
damage, defence against these agents is obviously of great importance 
(Totter, 1980). The major source of endogenous oxygen radicals are 
hydrogen peroxide and superoxide which are generated as side 
products of metabolism (Pryor, 1976-82). In addition, oxygen 
radicals also arise from phagocytosis after viral and bacterial 
infection or in inflammatory reaction (Tauber, 1982). The exogenous 
oxygen radical load is contributed by a variety of environmental 
agents (Pryor, 1976-1982). The enzymes that protect cells from 
oxidative damage are superoxide dismutase, glutathione peroxidase 
(Pryor, 1976-1982), D,Tdiaphorase(Lindef a/., 1982) and glutathione 
transferases (Warholm et al., 1981). In addition to these enzymes, 
some small molecules in the human diet act as antioxidants and 
presumably have an anticarcinogenic effect. Some of ihesel 
compounds are discussed below. 
Tocopherol (Vitamin E) is an important trap of oxygen 
radicals in membranes (Pryor, 1976-1982) and has been shown to 
decrease the carcinogenic effect of quinones, adriamycin and 
daunomycin which are toxic because of free radical generation 
(Ames, 1983). Protective effect of tocopherols against radiation 
induced DNA damage and dimethylhydrazine induced carcinogenesis 
have also been observed (Beckman et al, 1982). 6-carotene is a 
potent antioxidant present in the diet and is important in protectmg 
lipid membranes against oxidation. Singlet oxygen is a highly 
reactive form of oxygen, which is mutagenic and is mainly generated 
by pigment mediated transfer of energy of light to oxygen. Carotenoids 
are free radical traps and are remarkably efficient as quenchers of 
singlet oxygen (Packer ef a/., 1981). 6-carotene and similar polyprenes 
are also the main defence in plants against singlet oxygen generated 
as a by product of the interaction of light and chlorophyll(Knnsky 
and Deneke, 1982). Carotenoids have been shown to be anti-
carcinogenic in rats and mice and may also have a similar effect in 
humans (Mathews-Roth, 1982; Peto et al, 1981). Glutathione is 
present in food and is one of the major antioxidants and is 
antimutagemc in cells. Glutathione transferases are a major defence 
against oxidative and alkylating carcinogens (Warholm et al ,1981). 
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Dietary glutathione is an effective anticarcinogen against aflatoxins 
(Novi, 1981). Some other dietary antioxidants include ascorbic acid 
and uric acid. The former has been shown to be anticarcinogenic in 
rodents treated with UV light and benzo(a) pyrene (Hartman, 1982). 
Uric acid is present in high concentrations in the blood of humans 
and is a strong antioxidant (Ameses a/., 1981). A low uric acid level 
has been considered a risk factor in cigarette induced lung cancer. 
however, too high levels may cause gout. 
RIBOFLAVIN GENOTOXICIT Y 
Riboflavin (Vitamin B,), with a recommended daily requirement 
of approximately 2-3 mg, is widely distributed in human tissues and 
fluids in free and conjugated forms (Spector, 1960). Riboflavin is 
chemically 6.7-dimethyl-9-D-l ribityl-isoalloxazine (Fig. 1). 
Riboflavin has found widespread application in food products both 
as a nutrient and as a colouring agent (Counsell et ah, 1981). and 
as a fortificant in bread preparations (Srivastava et ai, 1986). 
Unlike many other food colourants riboflavin has commanded 
unquestioned favour from regulatory agencies all over the world 
(Horwitt. 1972: Fao. 1981), since earlier toxicological studies ha\e 
failed to reveal any deleterious effects (Purchase et al. 1978; 
H-N 
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failed to reveal any deleterious effects (Purchase et al., 1978; 
Haveland-Smith, 1981). As a coenzyme riboflavin is responsible for 
the growth and development of foetus and the maintenance of 
mucosal, epithelial and eye tissues (Lozinova et al., 1986). It is used 
as a supplement in patients suffering from various riboflavin 
deficiency diseases. Its application, as a photosensitizing drug in 
phototherapy for the treatment of neonatal hyperbilirubinemia, to 
reduce bilirubin levels, is known for sometime (Behrman et al., 
1974; Smith and Metzler 1963). 
However, evidence obtained by many other investigators has 
indicated that riboflavin in the presence of oxygen and visible light 
is lethal to animal and human cells in culture and induces mutations 
in micro-organisms (Griffin e? a/., 1981;Webbef a/., 1967; Bradley 
and Sharkey, 1977; Pathak and Carbonare. 1988) and is cytotoxic 
to eukaryotic cells (Lee, 1969;MisraeM/., 1987,1990). Synergistic 
effects of riboflavin with light have also been shown to bring about 
alterations in DNA structure and in individual nucleotides in vitro 
(Uehara, 1966; Speck et al., 1976; Korycka-Dahl and Richardson. 
1980; Alvi et al, 1984). The photosensitized riboflavin has been 
further shown to bind covalently to DNA and to poly (dA). Poly 
(dT), and to photodegrade guanine bases in DNA and RNA 
(KuratomiandKobayashi, 1977; Speck^r^/., 1976). Changes in the 
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physicochemical properties of DNA illuminated in the presence of 
riboflavin have also been reported (Speck et al, 1975,1976), which 
were attributed to the photooxidation of guanine basis without 
cleavage of the phosphodiester linkages in DNA. 
Exposure of chemicals to light can lead to generation of 
reactive oxygen species (Vuillaume, 1987) which in turn can induce 
mutagenic interactions (Hassan and Moody, 19'84; Joenje, 1989). 
Riboflavin is also considered as a potential chromophore for 
inducing genetic damage from multivitamin formulations exposed to 
phototherapy illuminations (Ennever et al., 1983). Riboflavin is 
known to possess photosensitization characteristics (Lozinova et 
al., 1986; Griffin e/a/., 1981). Photosensitized riboflavin is known 
to decompose to lumichrome and lumiflavin (Smith and 
Metzler, 1963). These photodegradation products are photoreactive 
(Joshi, 1989). There is definite evidence to support that 
photosensitized riboflavin generates reactive oxygen species via 
oxygen dependent photodynamic action (Joshi, 1985). However, a 
number of photosensitizing properties of riboflavin are reported 
which raise concern due to their lethal effects on biological systems 
(Smith and Metzler, 1963). It is known that EDTA, RNA, DNA 
enzymes and many other compounds are photooxidized in fla\in 
sensitized reactions (Taylor and Radda, 1971). 
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The binding of riboflavin to DNA is a condition favourable to 
the formation of free radicals (Piette et al. ,1978). Several polycyclic 
aromatic compounds, such as 4-(9-acridinyl-amino)methane 
sulphone-m-anisidine (Wong et al., 1984a), 1,10-phenanthroline 
(Pope and Sigman, 1984), bleomycin (Ehrenfeld et al., 1987), 
adriamycin (Marshal et al, 1981) and flavonoids (Rahman et al., 
1989), have been shown to degrade DNA in the presence of a metal 
ion. In several of these reports the participation of molecular oxygen 
and oxygen-free radicals has been implicated. In an earlier report 
from this laboratory it was suggested that binding of riboflavin to 
DNA may occur even in the absence of visible light (A]\i et al., 
1984). It has also been shown that riboflavin generates 0, radical 
on the exposure to visible light and that the rate of formation of the 
anion is stimulated by double-stranded DNA (dsDNA) but not by 
denatured DNA (Naseem et al., 1988). Photogenerated 6," might 
also undergo secondary reactions to form H^O,. 0, and OH 
(Fridovich, 1977). Some support for the intercalation model is 
provided by the finding that the formation of 6," radical is 
considerably faster in the presence of DNA than RNA (Korycka-
Dahl and Richardson, 1980; Naseem et al., 1988). 
More recent studies from this laboratory (Naseem et al., 
1993) have shown that riboflavin in the presence of Cu(II) caused 
breakage of calf thymus DNA and supercoiled plasmid DNA. These 
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Studies clearly indicated the toxic potential of riboflavin. However, 
the molecular mechanisms associated with the interaction of riboflavin 
or its photodegradation products lumiflavin and lumichrome with 
living cells are poorly understood. 
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SCOPE OF THE PRESENT WORK 
Riboflavin is known to generate superoxide anion and other 
reactive oxygen species upon photoillumination and in the presence 
of Cu(II) causes fragmentation of DNA. The studies presented in 
this thesis were carried out with the following objectives : (1) To 
determine whether the riboflavin-Cu(II) complex possesses the 
ability to fragment proteins and to define the structural requirements 
of riboflavin essential for protein cleavage in the presence of Cu(II); 
(2) Determination of the specificity if any, of protein damage by 
riboflavin-Cu(II) system; (3) Investigation of the involvement of 
active oxygen species (0^, 0H,0', etc.) generated by riboflavin-
Cu(II) system in protein damage and their role in genotoxicity. 
The first part of the results outlines experiments on the 
protein degradation activity of the riboflavin-Cu(II) system. It also 
describes studies to demonstrate the binding of riboflavin to 
proteins. In the second part, we demonstrated that riboflavm, in 
presence of Cu(II), in addition to being a dietary mutagen, is also 
acts as a potential antibacterial agent. Presumably it interacts 
directly with cellular DNA since our studies indicate that it is 
mutagenic without metabolic activation. Furthermore, experiments 
designed to determine the DNA base sequence preference of 
riboflavin demonstrated that it predominantly interacts with G-C 
base pairs in DNA. 
wOvy 
w 
V 
26 
MATERIALS 
The following chemicals used in the study are listed below 
Chemicals Sources 
Acrylamide 
Agar powder 
Ammonium per sulphate 
Ampicillin 
Biotin 
Bis-acrylamide 
Bovine serum albumin 
Calcium chloride 
Catalase 
Citric acid 
Coomassie Brilliant Blue 
Copper sulphate 
Cupric chloride 
Dipotassium hydrogen phosphate 
(Dibasic) 
Ethylene diamine tetra acetic 
Folin's phenol 
Glycine 
SRL, Bombay, India 
Hi-Media, India 
SRL, Bombay, India 
Ranbaxy, India 
Nutritional Biochemical 
Corporation, U.S.A. 
SRL, Bombay, India 
SRL, Bombay, India 
B.D.H., India 
Sigma Chemical Co.,U.S.A. 
B.D.H., India 
Sigma Chemical Co.,U.S.A. 
B.D.H., India 
B.D.H., India 
Glaxo, India 
S.D. Fine Chem., India 
B.D.H., India 
SRL, Bombay, India 
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D-Glucose 
Histidine 
Invertase 
Lysozyme 
Mannitol 
B-Mercaptoethanol 
Neocuproine 
Nutrient agar 
Nutrient broth 
Riboflavin 
Potassium dihydrogen phosphate 
(Monobasic) 
Potassium iodide 
Sodium acetate 
Sodium azide 
Sodium ammonium phosphate 
Sodium benzoate 
Sodium carbonate 
Sodium hydroxide 
Sodium lauryl sulphate 
Sodium potassium tartarate 
Sucrose 
pBR322 Plasmid DNA 
SRL, Bombay, India 
E. Merck, Germany 
Sigma Chemical Co.,U.S.A. 
Sigma Chemical Co.,U.S.A. 
Difco, U.S.A. 
E. Merck, Germany 
Sigma Chemical Co.,U.S.A. 
Hi-Media, India 
Hi-Media, India 
Sigma Chemical Co.,India 
S.D. Fine Chem., India 
B.D.H., India 
B.D.H., India 
Loba Chem., India 
E. Merck, Germany 
B.D.H., India 
Glaxo, India 
B.D.H., India 
SRL, Bombay, India 
E. Merck, India 
Glaxo, India 
Prepared in this Laboratory 
according to the Method of 
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Superoxide dismutase 
Tetracycline 
Trichloroacetic acid 
Trypsin 
Maniatise^a/.,(1982) 
Sigma Chemical Co.,U.S.A. 
IDPL, India 
Glaxo, India 
SRL, Bombay, India 
All other chemicals were of analytical grade. 
Media 
Medium for master plates and slants 
The composition of the medium for Ames tester strains to 
prepare master plates and slants is as under : 
1 X VB salts* 
2% glucose 
0.5% histidine. HCl.H.O (2g per 400ml H,0) 
3mM biotin 
0.0025% ampicillin solution (8mg/ml 0.02N NaOH) 
0.0002% tetracycline solution" (8mg/ml 0.02N HCl) 
1.5% agar 
For the preparation of plates, the above components were 
mixed with the molten agar. 
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The above components were sterilized by autoclaving at 15 lb/ 
sq. inch for 20 min. at 121 °C. The antibiotics were added to the 
media prior to use. 
"Tetracycline was added only for use with TA102 which is tetracycline 
resistant. 
*Stock solution of VB salts was prepared using the following 
ingredients : 
MgSO^.lUp 0.2g/L 
Citric acid monohydrate 2.0g/L 
K^HPO^ (anhydrous) lO.Og/L 
NaHNH^ ?O^AUp 3.4g/L 
Minimal glucose plates for mutagenicity assay 
VB salts 20ml 
40% glucose 50ml 
Agar 15g/930ml distilled water 
The above components were mixed with the molten agar and then 
30ml was poured over each plate. 
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Top agar for mutagenicity assay 
The top agar contained 0.6% agar powder and 0.5% NaCl. 
10ml of sterile solution of 0.5mM histidine. HCl/0.5mM biotin was 
added to the molten agar and mixed thoroughly by swirling. 
0.5mM histidine/biotin solution for mutagenicity assay 
D-Biotm 30.9mg 
L-histidine.HCl 24.0mg 
Distilled water 250ml 
First biotin was dissolved by heating the water to the boiling point. 
Then histidine was mixed to it and finally the solution was sterilized 
for 20 mm at 12rC. 
0.2M sodium phosphate buffer, pH 7.4 
NaH^PO .^H^O 13.8g/500ml 
Na^HPO^ 14.2g/500ml 
The pH was adjusted to 7.4 and sterilized at 121°C for 20 min. 
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Media for E.Coli K-12 strains 
Nutrient broth (13g/L) 
Nutrient broth obtained from Hi-Media (India) had the following 
composition : 
Peptone 5.0g/L 
NaCl 5.0g/L 
Beef extract 1.5g/L 
Yeast extract 1.5g/L 
pH (approx.) 7.4±0.2 
Nutrient agar (Hard agar) 
Nutrient broth ]3g/L 
Agar powder 15g/L 
Soft agar 
The composition of soft agar was as under : 
Nutrient broth 13g/L 
Agar powder 7g/L 
MgSO^.TH^ solution (0.01 M) : 
For all dilutions, O.OIM MgSO, solution was used. 
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METHODS 
Reaction of riboflavin and Cu(n) with proteins and tryptic 
digestion 
The reaction mixture, in a final volume of 1 ml contained 1 OmM 
potassium phosphate buffer, pH 7.2, 2mg of Bovine serum albumin 
(BSA) and varying concentrations of riboflavin with or without 
200|iM CuClj. After specified time intervals the reaction was 
terminated with 0.1ml of lOmM EDTA and 0.5ml of 10% 
trichloroacetic acid (TCA), In some experiments neocuproine, or 
free radical scavengers like sodium azide, superoxide dismutase 
(from Bovine erythrocytes), catalase (from Bovine liver), potassium 
iodide, sodium benzoate and mannitol were included. In some 
cases, the samples were further incubated for 30 min after the 
addition of 1 Ofig trypsin at 37°C. TCA soluble material was assayed 
by the method of Lowry et al. (1951). 
Assay of Invertase 
Invertase activity was determined by the method of Goldstein 
and Lampen (1975). The reaction mixture (300^1) contained 100|il 
of 0.2M acetate buffer, pH 4.9, 100^1 of enzyme (5^g) and 100^1 
of 0.5M sucrose solution. Theassay mixture was incubated at 37°C 
for 10 min and the reaction was terminated by addition of 0.2ml of 
0.5M phosphate buffer, pH 7.0, immediately followed by heating for 
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3 min in a boiling water bath. Addition of phosphate buffer before 
the heating markedly slowed down the reaction and rendered the 
enzyme more sensitive to heat treatment. The tubes were cooled and 
0.5ml of distilled water was added. Glucose liberated was determined 
by adding 1.0ml of DNS (Dinitrosalicylic acid) reagent and kept m 
boiling water bath for 5 min. Again 3.0ml of distilled water was 
added and the absorbance measured at 540 rmi. 
Assay of Lysozyme 
The activity of lysozyme was determined by the method of 
Jolles (1962). Twenty milligrams of Micrococcus Lysodeikticus 
cells were suspended in 90ml of M/15 phosphate buffer, pH 6.2 and 
10ml of l%NaCl. To 5ml of bacterial suspension is added 0.5m] of 
lysozyme (1 O^g) at 25°C. The increase in percent transmittance was 
monitored spectro- photometrically at 650nm. The enzymes were 
preincubated with riboflavin alone or riboflavin and Cu(II) at 200nM 
each for 2 h at 25°C under fluorescent light (800 lux) prior to 
assaying. 
SDS-poIyacrylamide gel electrophoresis 
The reaction mixture consisted of protein (Img/ml) and 
riboflavin or riboflavin and Cu(Il) (200|iM each). After different 
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time intervals at 25°C, the reaction was terminated with 0.1ml of 
sample - Dye (10% succrose, 5% 6-mercaptoethanol, 3% SDS, 
62.5mM Tris-HCl, pH 6.8, ImM EDTA). 40^g of BSA was applied 
in each lane. The samples were separated on 10% (W/V) 
polyacrylamide gels. In case of lysozyme 20^g protein was applied 
in each lane and the samples were separated on 15% (W/V) 
polyacrylamide gels. Whereas in case of invertase 60|ig protein was 
applied in each lane and the samples were separated on 7% (W/V) 
polyacrylamide gels (Laemmli, 1970). In all cases gels were stained 
with silver nitrate (Okley et al, 1980). 
Spectroscopy 
The absorption spectra were obtained by using Beckman DU-
40 spectrophotometer. The fluorescence spectra were recorded on 
a Shimadzu Spectrofluorometer equipped with a calculator and 
plotter. In case of tryptophan fluorescence quenching, BSA (0.7^M) 
was excited at 282nm, invertase and lysozyme (0.7fim each) were 
both excited at 284nm. Spectra was read between 300-400nm for all 
cases, emission slit was lOnm for all. All spectrophotometric and 
fluorometric experiments were done at pH 7.4 and ambient 
temperature. 
35 
Estimation of hydroxyl radicals (OH) 
The assay is based on the ability of OH radical to hydroxylate 
aromatic rings and the measurement of hydroxylated products by 
simple colourimetric method using salicylate (2-hydroxybenzoate) 
as a detector molecule (Richmond et al., 1981). The reaction 
mixture (2.0ml) contained the following reagents at indicated 
concentrations: 
2.0mM salicylate, 0. ImM EDTA, 0.2mM riboflavm, 150mM KH^PO -^
KOH buffer pH 8.0 and increasing concentration of Cu(Il). 
Incubation was carried out in 800 lux of cool fluorescent light for 
2 h. Reactions were terminated by adding 80^1 of 11.6NHC1 and 
0.5gms NaCl, followed by 4.0ml of chilled diethylether. The contents 
were mixed by vortexing for 1 min. Three ml of upper ether layer was 
pipetted out and evaporated to dryness in a boiling tube at 40°C. The 
tubes were cooled and the residue dissolved in 0.25ml of cold 
distilled water to which, the following reagents were added in the 
order stated; (a) 0.125ml of 10% TCA W/V dissolved m 0.5 NHCl. 
(b) 0.25ml of 10% sodium tungstate W/V in water, (c) 0.25ml of 
10%NaNO2 W/V (freshly prepared). After standing for 5 min, 0.5ml 
of 0.5M KOH was added and absorbance at 510nm was read 
after 1 min. 
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MICROBIOLOGICAL STUDIES 
Maintenance and growth of Bacterial Strains 
Each strain of E.Coli was streaked on a nutrient agar plate A 
single colony was picked up and repurified by streaking. Likewise 
each strain of Salmonella typhimurium was streaked over master 
plates. A single colony was picked up and repurified by streaking 
over fresh master plates. The culture was tested on the basis of 
associated genetic markers raising it from a single colony from the 
master plate. Having satisfied with the test clone the culture was 
raised and streaked on nutrient agar and minimal (in case of S. 
typhimurium) slants. It was then allowed to grow over night at 37°C 
and stored at 4°C. Every month cultures were transferred on fresh 
slants. The characteristics of £". CoU K-12, S. Typhimurium and 
phage strains used in this study are shown in Table l . 
Preparation of bacteriophage Lambda stock 
Phage stocks were prepared on plates by confluent lysis 
method (Maniatis et al., 1982). Phage lambda was obtained from 
isolated plaques streaked on agar plates. Bacteria from exponential 
culture were harvested and resuspended in MgSO^ solution 0.3ml 
of AB1157 host cells were infected with phage lambda. Adsorption 
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TABLE 1 
CHARACTERISTICS 0F£. COLIK-12, S. TYPHIMURIUM AND PHAGE 
STRAINS 
Strain Relevant genetic marker Source 
B.Backman, 
B. Bachman 
B. Bachman 
B. Bachman 
E. coll K-12 strains 
AB1157 thr-l,ara-14, kuB6,^ (gpt-proA) 
62, lacYl, tsx-33, qsr'supE44, 
galk2X , rac', hisG4(0c), rfbDl, 
mgl-51, rpsLSl, KdgKSl, xyl-5, mtl-1, 
argE3(0c), thi-1. 
AB 2494 thr-1, ara-14, leuB6,A (gpt-proA) 
62, lacYl, tsx-33, supE44, galK2, 
X', rac', hisG4 (Oc), rfbDl, mgI-51, 
rpsL3], KdgKSl, xyl-5, mtl-1, metBl, 
thi-1, lexAl. 
AB1886 thr-1, ara-14, leuB6,A (gpt-proA) 62, 
lacYl, tsx-33, supE44, galk2,X ,rac', 
hisG4, rfbDl, mgl-51, rpsL31, Kdgk51, 
xyl-5, mtl-1, argE3, thi-1, uvrA6. 
AB2463 thr-1, ara-14, leuB6,A (gpt-proA) 62, 
lacYl, tsx-33, supE44, galK2,\', rac', 
hisG4, rfbDl, recA13, rpsL31, KdgKSl, 
xyl-5, mtl-1, argE3, thi-1. 
KL403 ara-14, leuB6, lacZ36, proC32,X', 
hisf860, thyAS4, rpsE2115, rpsL109, 
malA38, xyl-S, mtl-1, polAl, thi-1 
HBlOl pro, leu, thi, lac, res, mod. 
Ames Strains 
TA97a uvrB, hisD6610, bio, rfa, R-factor 
plasmid-pKMlOl 
TA98 uvrB, hisD30S2, bio, rfa, R-factor 
plasmid-pKMlOl. 
TAIOO uvrB, hisG46, bio, rfa, 
R-factor plasmid-pKM 101. 
TA1()2 uvrB,hisG428, bio, rfa, R-factor 
plasmid-pKM 101, multicopy plasmid PAQ1. 
TA104 uvrB. hisG428, rfa, R-factor 
plasmid-pKMlOl. 
Phage strain 
X -\ir Virulent strain. It contains an absolute 
defective mutation in the immunity region 
B. Bachman 
B.S.Srivasta\a 
B.N.Ames 
B.N.Ames 
B N.Ames 
B.N.Ames 
B.N. Ames 
J.H.Parish 
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was allowed for 20 min. at 37°C and plated with 3 0ml of molten soft 
agar. Plates were then incubated at 37°C till confluent lysis was 
visible to naked eyes. Soft agar containing phage lambda was 
scraped with the help of MgSO^ solution 1 % chloroform was then 
added to it and the agar was beaten by gentle vortexing Phage 
lambda was obtamed in the supernatent by centnfugation of the 
lysate. The phage stock thus obtained was titred and stored over few 
drops of chloroform at 4°C 
Riboflavin-Cu(II) treatment to phage 
Bacteriophage Xvir (10'^ PFU/ml) was propagated using 
E.Coli strain AB1157 as host by using standard methods as 
reported by Miller (1987) For assa} of bacteriophage inactivation, 
riboflavin in water and a stock of aqueous CuCl ,^ previously 
sterilized by filtration, were added to a suspension (0 1 ml) of phage 
in lOmM Tris-HCl. pH 7.5 CuCl, was added after the addition of 
compound and the reaction mixture was then incubated at room 
temperature in fluorescent light for Ih During this period it was 
vortexed at 10 min intervals. In some experiments neocuproine or 
oxygen free radical quenchers were added before the addition of 
CuClj. After incubation, treated phage was diluted with OOIM 
MgSO^andO.lml ofdiluted phage was added to aO 3ml suspension 
of E.Coll host strains Phage-^.Co// complexes were vortexed for 
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1 min. and incubated for 20 min at 37°C. After incubation, 3ml of 
soft agar (40°C) was added to the treated phage immediately poured 
on the nutrient agar plates. Plates were incubated at 37°C for 5-6 h. 
Followed by counting of plaques forming units (PFU). For 
experiments in which the indicator bacteria were pre-treated with 
UV-light, cells were harvested, resuspended and washed three times 
by centrifugation in 0.15M NaCl, 0.015M potassium phosphate 
buffer. pH 7.5 and a final suspension (10^ cells/ml) was poured into 
a petridish to a depth of 3mm. The dish was exposed to an 
uncalibrated bactericidal UV-lamp for different periods of time as 
described by Fazal et ah, (1990). For experimental assays, the 
viability of the cells used for assay was determined by dilution and 
plating on nutrient media. 
Ribonavin-Cu(II) treatment oi E.Coli K-12 
The SOS-defective, recA, lexA, polA and uvrA mutants of 
E. Coli K-12 as well as the isogenic wild-type strain were harvested 
by centrifugation from exponentially growing cultures (1-3 x lO*' 
viable counts/ml). The pellets so obtained were suspended directly 
in 1 ml of 0.01 M MgSO^ solution and treated with riboflavin at a dose 
of 40|iM in the presence of 40|iM Cu(II) of room temperature in 
fluorescent light. Samples were withdrawn at regular intervals, were 
suitably diluted and plated to assay for the colony forming ability. 
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In some experiments increasing riboflavin concentration in presence 
of 40nM Cu(II) or vice versa were also included. The plates were 
incubated over night at 37°C. Solvent as control was run 
simultaneously. 
Reaction of riboflavin-Cu(n) with plasmid DNA andbacterial 
transformation 
lOOngof pBR322 in 100^1 TE (O.OIM Tris-Cl, pH 7.5) was 
incubated with riboflavin-Cu(II) (40|iM each) at 37°C under sterile 
conditions. After incubation the entire reaction mixture was used for 
transforming competent E.Coli HBIO] cells. The mixture was 
stored at 0°C for 30 min. after which a heat shock at 42°C for 2 min. 
was given. 0.8ml of L.Broth was added to each transformation 
mixture and the cells were incubated at 37°C to allow for the 
expression of antibiotic resistance. Cells were plated onto ampicillin 
supplemented (50|ig/ml) and tetracycline supplemented (lOjig/nil) 
nutrient agar plates. Colonies were counted after overnight incubation 
at 37°C. The number of transformants obtained without riboflavin 
treatment was taken as 100% transformation capacity. All experiments 
were done m triplicate and mean values were plotted. Preparation of 
competent cells was done essentially according to Maniatis et ai, 
(1982). 
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Ames mutagenicity test 
The preincubation test was performed as described by Maron 
and Ames (1983) with shght modification. To 0.3ml of phosphate 
buffer, pH 7.4, 0.1ml of bacterial culture and the required amount 
of riboflavin or riboflavin and Cu(II) in sterile 0.1 ml distilled water. 
The mixture was vortexed and incubated for 30 min in fluorescent 
light at room temperature. Two milliliter of molten soft agar was 
added and the mixture was plated on glucose supplemented minimal 
media. The plates were incubated at 37°C for 48 h. All experiments 
were performed in triplicate. At each dose point duplicate plates 
were used. 
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RESULTS PART -1 
Requirement of light for riboflavin-Cu(II) mediated protein 
degradation 
It is well established that the activation of riboflavin on 
illumination with UV as well as visible light results in the generation 
of superoxide anion (Joshi, 1985; Naseem et al, 1988). As 
photosensitized riboflavin is considered to be able to bind to DNA 
in presence of metal ion, it was of interest to examine the riboflavin 
mediated damage to proteins in the presence of a transition metal 
and visible light, Figure 2 compares the kinetic behaviour of the 
protein fregmentation reaction in the presence and absence of light. 
In the presence of light there was an initial sharp spurt followed by 
a gradual increase in the production of acid-soluble material; in the 
absence of light, however, such effect was not seen. For subsequent 
experiments, incubation was carried out in 800 lux of fluorescent 
light. 
Fragmentation of proteins by riboflavin-Cu(II) 
Modification of proteins by oxygen free radicals has been 
shown to enhance their susceptibility to trypsin hydrolysis (Wolff 
and Dean, 1986). In order to test this observation with riboflavin-
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Fig. 2 Effect of fluorescent light on riboflavin and C u(n) 
mediated fragmentation of BSA. 
2mg/ml of BSA was incubated with riboflavin and Cu(Il) 
200^M each at 25°C for 6 h in fluorescent hght (A ) or m 
the dark ( # ). After 6 h. they were further incubated with 
6|ig/ml trypsin for 30 min at 37°C and the acid soluble 
material was determined by the Method of LO\\T\ ct al 
(1951). 
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Cu(II) system, and to make analysis quantitative, we used a chemical 
assay for release of acid-soluble peptides. Figure 3 gives the acid 
soluble material released on incubation of BSA with riboflavin 
alone, with riboflavin and Cu(II) and subsequent digestion of the 
product of these reactions with trypsin. The acid-soluble material 
released from BSA as a result of exposure to riboflavin and 
fluorescent light as well as its susceptibility to cleavage by trypsin 
was considerably greater in presence of Cu(II). The results gi\en in 
Fig. 4 show that the fragmentation reaction was progressive 
and plateaued between 5 and 6 h. For subsequent experiments, the 
6 h time point was used unless otherwise stated. 
Free radicals such as the hydroxyl radical have been shown 
to fragment and crosslink proteins (Wolff and Dean, 1986). Since 
proteins are ubiquitous in the cells in high concentrations, 
modification of proteins by free radicals may have damaging effects 
on critical cellular organelles. The fragmentation of BSA by ribotlax in 
and Cu(II) was examined by SDS-PAGE (Fig. 5). The results show 
that BSA was fragmented to heterogeneous sized molecules b\ 
riboilavin alone. In the presence of Cu(II) fragmentation was 
enhanced. The reaction was time dependent. Riboflavin alone 
appeared to induce crosslinking of BSA (Fig. 5, lanes b, d and f) 
however, in the presence of Cu(II) this effect was not seen (Fig. 5, 
lanes c, e and g). We also confirmed that the release of such peptides 
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Fig. 3 Tryptic proteolysis of BSA after incubation with 
riboflavin in the presence of Cu(ll). 
Increased susceptibility of BSA (2mg/ml) to tnptic 
hydrolysis after exposure to varying concentrations of 
riboflavin in the absence as well as in the presence of 
200|iM Cu(Il) is shown. The reaction mixture was incubated 
at 25°C for 6 h before addition of lO^g trxpsin. The 
samples were further incubated at 37°C for 30 minutes. 
The Lowry positive material corresponding to the total 
amount of BSA was taken as 100 percent for the calculation 
of percent acid-soluble peptides in each sample 
( A ) without trypsin treatment; 
( A ) without trypsin treatment in presence of Cudl); 
( # ) with tr> psin treatment; 
( O) \\ith tr\psin treatment in presence of Cudl) 
The values are the mean of triplicate samples. 
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Fig. 4 Effect of time on fragmentation of BSA induced by 
riboflavin in the presence of ( u(II). 
The concentration of BSA was 2mg/ml and nboflax m and 
Cu(Il) were 200nM each. The reactions were started bv the 
addition of Cu(Il) and incubated at 25°C for different time 
intervals. See 'Methods" for more details. 
( # ) Riboflavin alone 
( O ) Riboflavin in presence of Cu(II) 
Time (h j 
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Fig. 5 SDS-poIyacrylamide gel electrophoresis of BSA 
incubated with riboflavin and Cu(II). 
Lane a - Contiol (BSA incubated alone). 
Lanes b. d, f - riboflavin and BSA Ih, 2h and 6h 
incubation respectively. 
Lanes c, e, g - riboflavin, BSA and Cu(II) Ih, 
2h and 6h incubation respectively. 
a b c d e f g 
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was dependent upon time, riboflavin concentration, Cu(II) 
concentration and trypsin treatment. For all of these experiments the 
BSA concentration used was 2 mg/ml and riboflavin as well as 
Cu(Il) were 200 ^m each. The effect of varying Cu(II) concentration 
on the acid-soluble peptides is shown in Fig. 6. As expected some 
acid-soluble material was released in the absence of the metal and 
addition of Cu(II) caused several fold increase in the release of such 
material. These results suggest that incubation of BSA with riboflavin 
alone or in the presence of Cu(II) led to conformational changes 
which enhanced the susceptibility to enzymatic proteolysis. 
Involvement of oxygen free radicals in the reaction 
Previous studies from this laboratory had demonstrated that 
riboflavin generated superoxide anion and singlet oxygen, and in the 
presence of Cu(II), hydroxyl radicals (Naseem et al., 1993). The 
effect of several free radical scavengers on BSA degradation was, 
therefore, examined. Sodium azide is a singlet oxygen scavenger; 
superoxide dismutase and catalase remove superoxide radical (0^) 
and hydrogen peroxide (H^O )^, respectively, potassium iodide is a 
triplet state quencher (Koryka - Dhal and Richardson, 1980); 
sodium benzoate and mannitol eliminate hydroxyl radicals (Joshi, 
1985; McLord and Fridovich, 1969). As shown in Table 2 BSA 
fragmentation mediated by riboflavin and Cu(ll) was strongly 
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Fig. 6 Effect of Cu(n) concentration on fragmentation of 
BSA by riboflavin. 
Reaction mixtures in a final volume of 1 ml containing 2mg 
BSA, 200^M riboflavin and varying concentrations of 
Cu(II) were incubated at 25°C for 6h. (Other details are 
described in legend of Fig. 2). 
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TABLE 2 
INHIBITION OF TRYPTIC PROTEOLYSIS SENSITIVITY 
OF BSA AFTER TREATMENT WTTH RIBOFLAVIN 
AND CU(II) IN THE PRESENCE OF 
SCAVENGERS OF OXYGEN FREE RADICALS. 
RADICAL SCAVENGER AMOUNT ADDED rNHBBITION (%) 
Superoxide dismutase 50 ^g/ml 25 
Catalase 50 jig/ml 63 
Sodium azide 50 mM 81 
Potassium iodide 50 mM 71 
Sodium benzoate 50 mM 60 
Manmtol 50 mM 38 
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inhibited by potassium iodide and sodium azide confirming the 
involvement of oxygen in triplet and singlet state. The inhibitory 
effect of sodium benzoate and mannitol was also significant 
suggesting that hydroxyl radicals may also be involved in the BSA 
degradation reaction. Superoxide dismutase caused 25% inhibition, 
whereas catalase substantially inhibited the breakage reaction, 
indicating the requirement for H^ O^  in a pathway that led to reactive 
species, of which singlet oxygen (Fig. 7) and hydroxyl radical 
(Tables ) were proximal BSA modification reagents. 
Involvement of Cu(I) in the reaction 
In order to investigate whether the sequestration of Cu(I) 
results in abolition of BSA fragmentation, the Cu(I) sequestering 
reagent neocuproine was used. In a control experiment, the 
neocuproine-Cu(I) complex was shown not to generate any acid-
soluble peptides. The effect of neocuproine on the riboflavin-Cu(II) 
reaction was determined by measuring acid-soluble peptides in the 
absence (A) and in the presence of neocuproine (B). The percent 
inhibition [100x(A-B)/A] plateauedat aneocuproine/Cu(II)ratio 
of 2 (Fig. 8), confirming that Cu(I) is an essential intermediate, a 
finding consistent with a simple sequestration mechanism for 
inhibition as the stoichiometry of neocuproine-Cu(l) 
complex is 2:1. 
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Fig. 7 InbibitioD of riboflavin and Cu(n) mediated 
fragmentation of BSA by sodium azide. 
BSA (2mg/ml) was treated with 200|iM riboflavin and 
200^M Cu(II) in presence of varying concentrations of 
sodium azide. Reactions were incubated for 6h at 25°C. 
( # ) Riboflavin alone 
( O ) Riboflavin in presence of Cu(Il) 
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TABLE 3 
FORMATION OF HYDROXYL RADICALS IN PRESENCE 
OF RIBOFLAVIN AND INCREASEVC 
CU(II) CONCENTRATION. 
HYDROXYLATED SALICYLIC ACID 
FORMED (nmoles) 
Riboflaviin alone 51 
Riboflavin + 25 ^M Cu(II) 57 
Riboflavin + 50 ^M Cu(II) 66 
Ribofla\in + 100 ^M Cu(II) 74 
Ribofla^ /in + 150 ^M Cu(II) 82 
Ribofla'vin + 200 ^M Cu(II) 90 
Fleaction mixtures in 2ml containing 200uM riboflavin and 
varying concentrations of Cu(II) as indicated above and 2 mM 
salicylic acid were incubated at 25°C in fluorescent light for 2h. 
Determination of hydroxylated salicylic acid was performed by the 
method of Richmond (1980). 
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Fig. 8 Inhibition of riboflavin and Cu(II) mediated 
fragmentation of BSA by neocuproine. 
Reaction mixture in a final volume of Iml containing 2mg 
BSA, 200nM riboflavin and 200^M Cu(II) and varying 
concentrations of neocuproine, reactions were incubated 
for 6h at 25°C. 
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Enzyme inactivation by riboflavin-Cu(II) 
Previous studies of Zhifang (1991) have shown that exposure 
of catalase (from bovine liver) to the photosensitizers like riboflavin 
and hematoporphyrin caused conformational changes in the enzyme. 
The activity of catalase decreased in the presence of photosensitizers. 
Therefore, we tested the above findings using Riboflavin-Cu(II) 
system on two enzymes with different subunit structure, namely 
Invertase and Lysozyme. The photodynamic inactivation of 
lysozyme by riboflavin-Cu(II) system is shown in Fig. 9. The results 
have shown that Cu(II) enhanced the rate of inactivation of the 
Lysozyme (Fig. 9) and invertase significantly (Fig. 10). These 
results were further confirmed by SDS-PAGE shown in Fig. 11 and 
12. The photosensitized riboflavin induced fragmentation of proteins/ 
enzymes to heterogeneous sized molecules. Fragmentation was 
found to be greater when Riboflavin-Cu(II) system was used. 
Fragmentation in the presence of uric acid 
Uric acid is a proposed natural physiological antioxidant and 
is a classical radical scavenger (Halliwell and Gutteridge, 1990). 
Reaction between uric acid and free radicals generates a tautomeric 
urate radical anion with the unpaired electron shared between N7 and 
N9 (Maples and Mason, 1988) and this radical was considered to 
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Fig. 9 Lysozyme inactivation by riboflavin and Cu(ll). 
Reaction mixture in a total volume of 1 ml containing 1 Oug 
of Lysozyme. 200|iM of riboflavin and 200nM of Cu(ll). 
Reactions were incubated at 25°C for 2h in fluorescent 
light. Enzyme activity was assayed as described by Jolles 
(1962). 
(A ) Lysozyme alone 
( A ) Lysozyme and Cu(II) 
( # ) Lysozyme and riboflavin 
( O ) Lysozxme. riboflavin and Cu(Il). 
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Fig. 10 Invertase inactivaion by riboflavin and Cu(II). 
Reaction mixture in a total volume of 1ml containing 5^g 
of invertase, 200|iM of ribo-flavin and 200^M of Cu(II).. 
Reactions were incubated at 25°C for 2h in fluorescent 
light. Enzyme activity was assayed as described b\ 
Goldstein and Lampen (1975). 
( A ) Invertase alone 
( A ) Inxertase and Cu(II) 
( # ) Invertase and riboflavin 
(O) invertase. riboflavin and Cu(ll) 
15 30 45 
Time (min) 
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Fig. 11 SDS-polyacrylamide gel electrophoresis of Lysozyme 
incubated with riboflavin and Cu(II). 
Lane a - control (Lysozyme incubated alone). 
Lane b, d, f - riboflavin and Lysozyme Ih, 2h 
and 6h incubation respectively. 
Lane c, e, g - riboflavin, Lysozyme and Cu(II) Ih, 
2h and 6h incubation respectively. 
a b c d e f g 
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Fig. 12 SDS-Polyacrylamide gel electrophoresis of invertase 
incubated with riboflavin and Cu(II). 
Lane a - contro] ( invertase incubated alone). 
Lane b. d. f - riboflavin and inxertase Ih, 2h and 
6h incubation respectively. 
Lane c. e, g - riboflavin, invertase and Cu(II) Ih, 
2h and 6h incubation respectively. 
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have the damaging effect on macromolecules (Willson et al., 1985). 
It has been shown more recently from this laboratory that the 
presence of uric acid in the reaction enhanced degradation of 
proteins by quercetin (Said et al., 1994). So, we investigated the 
effect of uric acid when used inriboflavin-Cu(II) system. Figure 13 
shows the fragmentation of BSA induced by riboflavin-Cu(II) in the 
presence of uric acid. The results show that in the presence of uric 
acid the rate of fragmentation of BSA was considerably enhanced. 
Figure 14 depicts the effect of increasing uric acid concentration (0 
- 2 mM) on the fragmentation of BSA induced by riboflavin-Cu(II). 
It is seen that the generation of acid-soluble peptides has increased 
with increasing uric acid concentration. 
The formation of complexes of riboflavin, proteins and Cu(II) 
Most proteins exhibit ultraviolet fluorescence (emmission of 
340 nm due to tryptophan moiety). When a ligand binds to protein 
it may quench this native fluorescence (Chignell, 1972). BSA is 
known to bind to a variety of both endogenous and oxogenous 
ligands (Thiesen et al., 1972; Brodersen, 1974). Evidence for the 
binding of riboflavin to proteins was obtained mainly from 
fluorescence spectra. We, therefore, compared the binding of 
riboflavin-Cu(II) to BSA with that of two other proteins having 
different tryptophan content (Table 4). The fluorescence quenching 
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Fig. 13 Fragmentation of BSA by riboflavin and Cu(II) in the 
presence and absence of uric acid. 
Fragmentation of BSA (2mg/ml) after incubation with 
20()|iM Cu(in and varying concentration of riboflaxin in 
the absence ( # ) and presence ( O ) of 2mM uric acid 
Reactions were incubated for 6h at 25°C and TCA soluble 
peptides were measured by the method of Lowry ct a I 
(1951). 
Riboflavin (jii.M) 
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Fig. 14 Effect of uric acid on fragmentation of BSA induced 
by riboflavin and Cu(II). 
Fragmentation of BSA (2mg/ml) after incuba-tion with 
riboflavin and Cu(II) at 200^M each in presence of varying 
concentrations of uric acid is shown. Reactions were 
incubated for 6h at 25°C and TCA soluble peptides were 
measured by the method of Loujy et a!. (1951). 
Uric acid (mM) 
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TABLE 4 
TRYPTOPHAN RESIDUE CONCENTRATION 
IN SOME PROTEINS 
Proteins Number of Tryp. Reference 
residues/protein 
BSA 2 Said et al, 1994 
Lysozyme 6 - do -
Invertase 33 Gascon et al, 1968 
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of BSA (0.7 ^m) was measured with riboflavin concentration in the 
range 0-49 |iM (Fig. 15). Similar experiments were performed with 
lysozyme (Fig. 16) and invertase (Fig. 17). It is seen that in all cases 
the fluorescence quenching increases with increasing riboflavin 
concentration. From a scatchard analysis of the data (Levine, 1977), 
the binding affinity of BSA was compared with that of the two other 
proteins i.e. lysozyme and invertase. The binding affinities of BSA 
(Fig. 18), Lysozyme (Fig. 19) and invertase (Fig. 20) were 1.95 x 10"*, 
1.53 X 10"* and 3.3 x ]0"*LM'' respectively, which were enhanced to 
6.168 x \0\ 4.9 x 10^  and 36.66 x 10^  LM' respectively in the 
presence of Cu(II). Similarly the capacity number of moles of 
riboflavin bound per mole of protein (n) increased in the presence 
of Cu(]I). It was seen that the binding capacity of invertase was 
higher than that of the two other proteins, possibly reflecting the 
higher tryptophan content and that these residues are in hydrophobic 
environment (Campbell and Dwek, 1984). These results are consistent 
with the finding that there is an enhanced degradation of protein by 
riboflavin in the presence of Cu(II). 
Spectral changes in riboflavin induced by light under 
different conditions 
Figure 21 (A) shows that riboflavin exhibits a visible spectrum 
below 500 nm with a minor peak of 370 nm and a major peak at 440 
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Fig. 15 Fluorescence emission spectra of BSA. 
Fluorescence emission spectra of BSA alone (0.7^M) 
trace A, BSA with Cu(II) (49^M) trace B, BSA with 
riboflavin (49^M) trace C and BSA with riboflavin and 
Cu(II) trace D. The excitation wave length was 282nm and 
emission slit was lOnm. 
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Fig. 16 Fluorescence emission spectra of Lysozyme. 
Fluorescence emission spectra of Lysozyme alone (0.7nM) 
trace A, Lysozyme with Cu(II) (49^M) trace B, Lysozyme 
with riboflavin (49|iM) trace C and Lysozyme with riboflavin 
and Cu(II) trace D. The excitation wave length was 284nm 
and emission slit was lOnm. 
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Fig. 17 Fluorescence emission spectra of invertase. 
Fluorescence emission spectra of invertase alone (0 7^M) 
trace A, invertase with Cu(II) (49^M) trace B, invertase 
with riboflavin (49^M) trace C and invertase with ribofla\in 
and Cu(II) trace D. The excitation wave length was 284nm 
and emission slit was lOnm. 
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Fig. 18 Scatchard plot for BSA. 
Scatchard plot was obtained using relationship of fractional 
quench (Q) with Q/B, where B represents the concentration 
of unbound ligand (Levine. 1977), 
( # ) BSA/Ribofla\in in presence of Cu(II) 
( O ) BSA/Ribofiavin in absence of Cu(ll) 
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Fig. 19 Scatchard plot for Lysozyme. 
( • ) Lysozyme/Riboflavin in presence of Cu(ll) 
( O ) Lysozyme/Riboflavin in absence of Cu(I]) 
For detail see Fia. 18. 
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Fig. 20 Scatchard plot for invertase. 
( # ) ln\ertase/R]boflavin in presence of Cu(Il) 
( O ) Inxertase/Riboflavin in absence of Cu(ll) 
For detail see Fig. 18. 
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Fig. 21 Absorption spectra of riboflavin and/or BSA before 
(—) and after ( — ) illumination with fluorescent light 
under different conditions. 
(A) Riboflavin alone (lOO i^M) 
(B) Ribollavin and BSA (lOO^g/ml) 
(C) Riboflavin, BSA and Cu(ll) (lOO i^M). 
All reactions were carried out in 0.01 M phosphate buffer 
pH 7.4. Spectra were recorded 1 min. after mixing reagents 
in the Spectrophotometer Cuvette. 
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nm. Incubation of riboflavin under fluorescent light for 1 h caused 
a decrease in the absorption peak of 440 nm, suggesting 
photodegradation of riboflavin; however, no significant change was 
observed in the peak at 370 nm. The presence of BSA accelerated 
the light mediated disappearance of the peak at 440 nm and a new 
peak absorbing below 370 nm appeared (Fig. 2IB). Interestingly, 
however, the addition of Cu(II) to the riboflavin-BSA mixture 
inhibited the photodegradation of riboflavin and restored the peak 
at 440 nm to a significant extent (Fig. 21C). Similar results were 
obtained with lysozyme (Fig. 22) and invertase (Fig. 23). The 
photodegradation reaction associated with 440 nm peak was further 
monitored as a function of time and the results are given in Fig. 24. 
Photodegradation of riboflavin alone occured very rapidly and was 
complete in 10 min. In the presence of BSA the reaction proceeded 
to a greater extent but the addition of Cu(II) considerably reduced 
the rate of the reaction. As, in the presence of Cu(II), riboflavin 
protected from photodegradation, remains in its native form and 
causes maximum degradation of BSA, the native form of riboflavin 
appears to be responsible for the damage to BSA. 
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Fig. 22 Absorption spectra of riboflavin and/or lysozyme 
before ( ) and after ( — ) illumination with fluor-
escent light under different conditions. 
(A) Same as Fig 21 (A) 
(B) Ribol1a\in and Lysozyme (lOO^g/ml) 
(C) Riboflavin. Lysozyme and Cu(II) (100^M). 
All reactions were carried out in 0 01M phosphate buffer 
pH 7 4 Spectra were recorded 1 min after mixing reagents 
in the Spectrophotometer Cuxetle 
A b s o r b o n c e 
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Fig. 23 Absorption spectra of riboflavin and/or invertase 
before ( — ) and after ( — ) Ih illumination with 
fluorescent light under different conditions. 
(A) Same as Fig. 21 (A). 
(B) Riboflavin and Invertase (lOO^g/ml) 
(C) Riboflavin, Invertase and Cu(II) (lOO^M) 
All reactions were carried out in 0.01 M phosphate buffer 
pH 7.4. Spectra were recorded 1 min. after mixing reagents 
m the Spectrophotometer Cu\ette 
Absor banc« 
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Fig. 24 Incubation of riboflavin in fluorescent light under 
various conditions as a function of time. 
( # ) RibollaNin alone 
( O ^ Ribofla\in and BSA 
( ^ ) Riboflavin. BSA and Cu(ll) 
Concentration of reactants as in Fie 21. 
30 45 
Time(min.) 
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DISCUSSION PART-I 
Riboflavin, a vitamin has found a widespread application 
in food products both as a nutrient and as a colouring agent 
(Counsell et ah, 1981). However, evidence obtained by many 
investigators has indicated that riboflavin when exposed to light 
could produce mutagenic (Griffin et al, 1981; Bradley and Sharkey. 
1977; Pathak and Carbonare, 1988) as well as cytotoxic effects in 
eukaryotic cells (Lee, 1969; Misra, 1987, 1990) . It has been well 
established that riboflavin generates reactive oxygen species in 
presence oflight(Alvi era/., 1984;Joshi, 1985;Naseeme/«/., 1988) 
and causes damage to DNA, proteins and lipids through oxygen 
radical mediated reaction (Joshi, 1985; Pathak and Joshi, 1984). 
A survey of literature revealed that interaction of proteins with 
oxygen free radicals both in vivo and in vitro results in enhanced 
hydrophobicity (Wolff and Dean, 1986; Davies, 1987), which 
subsequently leads to aggregation and increased susceptibility to 
proteolysis (Davies et al,, 1987; Revitt, 1985; Stadman, 1992). 
Wolff and Dean (1986) have shown that OH attack on proteins leads 
to conformational changes and therefore enhances susceptibility to 
enzymic proteolysis. A similar observation was made b> us when 
susceptibility to tryptic proteolysis of BSA was enhanced in the 
presence of riboflavin and Cu(II) (Fig. 3). Possibly free radical 
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mediated cleavage leads to the exposure of the buried sites for 
trypsin cleavage. 
Several authors have implicated a highly reactive OH derived 
from Oj" as the ultimate reactive species (Fridovich, 1978; Halliwell 
et al, 1980; Halliwell, 1981; Nassi-calo et al, 1989). Ithas already 
been shown that riboflavin generates O '^ (Naseem et a/., 1988). 
Moreover, the O^ " and H^ O^  can also generate the OH by Haber-
Weiss (1) and Fenton (2) reactions respectively as shown below : 
6,- + H,0, > OH + -OH + O, (1) 
H^ O^  + Fe(II)/Cu(I) > OH + "OH + Fe(III)/Cu(II) (2) 
It is also known that the generation of the 0^" may lead to the 
formation of H^O .^ The addition of a second electron to O," gives 
the peroxide anion (O "^^ ) which has no unpaired electron and is not 
a radical. However, at neutral pH the peroxide ion immediately 
protonates to give H^O .^ Alternatively, in aqueous solution the 0," 
undergoes dismutation to form H^O, and 0^ (Halliwell and Gutteridge, 
1984): 
20 - +2H^ -> HO, +0, (3) 
2 2 2 2 
Under the conditions employed, photosensitized riboflavin 
was capable of degrading proteins in absence of metal ion. It would 
T^655 
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be reasonable to assume that in the absence of a metal ion, reaction 
(1) occurs readily while in the presence of Cu(II) reaction (2) 
facilitated to a larger extent. Our studies also strongly indicate that 
singlet oxygen ('O^) is the predominant cleaving agent as predicted 
from scavenger studies (Table 1). Singlet oxygen may arise through 
a variation of the Haber-Weiss reaction (Kellog and Fridovich, 1975: 
Badway and Manfred, 1980) : 
Metal 
6 ; + H p , > 'O^ + OH + -OH (4) 
The fragmentation reaction was further confirmed by 
electrophoretic experiments. The proteins tested were fragmented 
to heterogeneous sized molecules by riboflavin alone and in the 
presence of Cu(II) fragmentation was enhanced as revealed in SDS-
PAGE. However, in case of a monomeric protein, lysozyme. 
riboflavin alone leads to crosslinking, while the presence of Cu(II) 
significantly decreased the extent of crosslinking. Our results are 
comparable to the findings of Sara et al, (1983) which suggest that 
multimeric proteins when exposed to free radical generating systems 
show visible fragmentation, while crosslinking was predominant in 
case of monomeric proteins. 
Evidence for the binding of riboflavin to proteins was obtained 
from fluorescence spectra. In all cases (See figs 15, 16 & 17) the 
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fluorescence of proteins decreased with increasing riboflavin 
concentration. Decreased fluorescence reflects changes in the 
aromatic side-chain composition, possibly a loss of tryptophan or 
other aromatic amino acids (Gutteridge and Wilkin, 1983). The 
scatchard analysis of the data shows that the binding afinities of all 
the three proteins tested (differing in tryptophan content) as well as 
capacity to bind riboflavin were enhanced in the presence of Cu(II) 
compared with riboflavin alone. 
By using neocuprome, a specific chelator of Cu(I), it was 
shown that Cu(I) was an essential intermediate in the reaction that 
led to protein fragmentation (as assayed by release of acid-soluble 
peptides). The inhibition (Fig. 8) plateaued at a neocuproine/Cu(lI) 
ratio of 2, confirming that Cu(I) is an essential intermediate and is 
consistent with a simple sequesteration mechanism for inhibition as 
the stoichiometry of neocuproine/Cu(II) is 2:1. 
As already mentioned, Uric acid is considered to be a major 
naturally occuring antioxidant in humans and is classically a radical 
scavenger (Ames e/«/.,, 1981; Maples and Mason, 1988). However, 
in the scavenging reaction with free radicals, Uric acid itself forms 
a urate radical which may have the damaging effect on proteins. It 
has been shown that uric acid substantially enhances the free radical 
induced inactivation of alcohol dehydrogenase (Kittridge and 
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Willson, 1984) and inactivates anti-proteinase (Aruoma and 
Halliwell, 1989). Our results also showed that the fragmentation of 
BSA by riboflavin-Cu(II) system was substantially increased in the 
presence of uric acid. 
In conclusion, the data presented here confirm that riboflavin 
has a photosensitizing action and in the presence of visible light and 
molecular oxygen causes fragmentation of proteins. The 
fragmentation was enhanced in the presence of Cu(II). We have 
further shown that albumin, riboflavin and Cu(II) interact to form a 
ternary complex. The spectrofluorometric evidence for the binding 
of riboflavin to proteins, is indicative of changes in fluorescence of 
tryptophan residues. It has also been shown that Cu(II) is reduced 
to Cu(I) during protein breakage indicating that Cu(I) is an essential 
intermediate in the protein fragmentation reaction. The sites of 
fragmentation have not been established in this work, but we predict 
that the primary sites may be peptide bonds near histidine and 
proline residues, as these are the primary targets for free radical 
generated by Cu{U)fU^O^ and also by radiolysis (Dean et al., 1989). 
In this context the observation of Counsell et aJ., (1981) that 
riboflavin in various food products, is susceptible to degradation 
when exposed to light is relevant. Thus it is imperative that caution 
has to be exercised in handling, processing and storage of food 
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products containing riboflavin, in order to prevent their exposure 
to light. 
Our work demonstrates the possibility of photodegradation 
of riboflavin in presence of light and Cu(II). Work of Counsell etal, 
(1981) has already shown that riboflavin in the food products is 
susceptible to degradation on exposure to light. Evidently, greater 
caution should be excercised if the riboflavin certain products are 
stored in containers made of significant amount of copper. 
vf 
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RESULTS PART II 
Effect of riboflavin-Cu(II) mediated DNA damage on the 
viability of lambda phage 
In the following set of experiments we have demonstrated that 
oxygen free radicals generated by riboflavin in aqueous solution 
cause mactivation of bacteriophage lambda. The inactivating activity 
of riboflavin was determined by incubating phage with riboflavin-
Cu(II) under aerobic conditions and then measuring loss of biological 
activity. Figure 25 analyses the loss of survival of ?iv/> as a function 
of riboflavin concentration. Increasing riboflavin concentration 
results in progressive loss of survival of the phage. To determine 
whether mcreasing Cu(II) concentration in the presence of riboflavin 
can cause similar effect, experiment in Fig. 26 was performed. 
Figure 26 shows that the pattern of Xvir inactivation is same as in 
the previous experiment. To determine the mechanism of phage 
inactivation by riboflavin, we studied the effect of adding 
neocuproine, catalase, mannitol and sodium azide in the reaction 
mixture (Table 5). Inactivating activity of riboflavin was essentially 
abolished by prior addition of neocuproine, a chelator that sequesters 
Cu(I) in a form incapable of oxidation or reduction. A similar effect 
was also seen by the addition of mannitol, catalase and sodium 
azide, indicating a requirement for OH, H^ O^  and 0^ respectively. 
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Fig. 25 Effect of increasing riboflavin concentration on the 
viability of phage lambda in the presence of Cu(n). 
The concentration of Cu(II) was 40^M, Other details of 
the procedure are given in the 'Methods'. 
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Fig. 26 Effect of increasing Cu(Il) concentration on the 
viability of phage lambda in the presence of riboflavin. 
The concentration of riboflavin was 40^M. Other details 
of the procedure are given in the 'Methods\ 
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TABLE 5 
EFFECT OF NEOCUPROINE AND OXYGEN FREE RADICAL 
SCAVENGERS ON THE VIABILITY OF LAMBDA PHAGE 
TREATED WITH RIBOFLAVIN IN PRESENCE OF Cu(II) 
Phage Host Phage treatment P.F.U./mlxlOi" % Survival 
^vir AB1157 Control 2.46 100 
?.vir AB1157 Riboflavin+ Cu(II) 0.45 18 
K\ir AB1157 Riboflavin+ Neocup-
roine(100uM)+Cu(II) 1.68 68 
KMT AB1157 Riboflavin+ Catalase 
(100ug/ml)+Cu(II) 0.98 40 
Mir AB1157 Riboflavin + Sodium 
azide(50mM)+Cu(II) 1.72 70 
X\ir AB1157 Riboflavin+Mannitol 
(50mM)+Cu(II) 1.0 41 
In all cases concentration of riboflavin and Cu(II) was 
40uM each. Concentrations of scavengers shown are final 
reaction concentrations. Incubation was for 1 h in fluorescent 
light followed by dilution and platings. The values represent 
mean of three independent experiments done in triplicate. 
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If the antiviral activity of riboflavin-Cu(II) is due to free 
radical mediated strand scissions, its repair should not involve the 
UV inducible pathway but should involve the DNA polymerase I 
ipolA) pathway. We tested this hypothesis by examining the 
sensitivity of phage to riboflavin-Cu(II), when phage were assayed 
by using an indicator bacteria, UV-treated cells (Table 6) and also 
certain repair defective mutants (Table 7). Data given in tables 6 and 
7 show that pretreatment of cells with U V, do not resuh in significant 
enhancement in the recovery of phage. There appeared to be 
enhanced sensitivity m si poIA host, indicating the involvement of 
DNA polymerase I. These results suggest that whereas the polymerase 
I is predominantly involved in the repair of riboflavin - Cu(II) 
induced lesions, the iivrABC exonuclease complex (e.g. uvrA) or 
the SOS system (e.g. recA) may also play a role. 
Survival of E.coli K-12 treated with riboflavin-Cu(II) 
The survival patterns ofrecA, iivrA, lexA sindpoJA mutants of 
E.coli as a function of riboflavm concentration, Cu(II) concentration 
and time are shown in Fig. 27, 28 and 29 respectively. The mutants 
exhibited a significant decline m colony forming unit (CFU) compared 
with their isogenic wild-type counterpart. The poIA mutant was 
found to be more sensitive than the lexA, iivrA and recA mutants. 
The lexA and recA mutants exhibited almost equal sensitivity 
towards riboflavin-Cu(Il). 
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TABLE 6 
SENSITIVITY OF PHAGE LAMBDA TO RIBOFLAVIN 
AND Cu(II) SYSTEM, AND EFFECTS OF 
UV-IRRADIATION ON THE HOST CELLS 
Phage Host Host pre- Phage P.F.VJmlxW % Survival 
strain treatment treatment 
?.vir AB1157 NON Control 3.45 1 
Xvir AB1157 NON Riboflavin+Cu(II) 0.35 0.1 
>.vir AB1157 UV Control 2.65 1 
Xvir AB1157 UV Riboflavin+Cu(II) 0.69 0.26 
The UV-treated cells were prepared as described in materials 
and methods. In all cases riboflavin and Cu(ll) concentrations were 
40uM each. Incubation was for 30 min followed by dilution and 
platings. The values represent mean of three independent experiments 
done in triplicate. 
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TABLE 7 
EFFECTS OF RIBOFLAVIN ON THE VIABILITY OF PHAGE 
LAMBDA IN THE PRESENCE OF Cu(II) 
Phage Phage Riboflavin P.EU./ml x lO'" 
Riboflavin Control Reduction 
Wild-itype >.vir 40;iM 0.35 1.9 5.4 
AB1157 
LexA 
uvrA 
recA 
polA 
>.vir 
Xvir 
?ivir 
X,vir 
40}iM 
40>iM 
40;iM 
40;iM 
0.19 
0.15 
0.16 
0.03 
1.84 
1.30 
1.54 
1.39 
9.7 
8.7 
9.6 
46.3 
In all cases Cu(II) concentration was equal to that of riboflavin. 
Reduction was calculated by dividing the control values by the 
values in the presence of riboflavin. Incubation was for 1 h followed 
by dilution and platings. The values represent mean of three 
independent experiments done in triplicate. 
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Fig. 27 Effect of imcreasing riboflavin concentration on the 
survival of E.CoIi K-12 strains. 
Cu(II) concentration was 40|iM. 
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Other details of the procedure are given in the 'Methods' 
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Fig. 28 Effect of increasing Cu(II) concentration on the 
survival of E.Coli K-12 strains. 
Riboflavin concentration was 40|iM. 
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These strains can be arranged in order of their sensitivity to 
riboflavin-Cu(II) as follows : 
'I . ' o 
poIA > lexA >uvr A > r e c ^ 
Effect of treatment by riboflavin-Cu(II) on transformation 
capacity of pBR322 
Since riboflavin in the presence of Cu(II) and visible light have 
been shown to cause breakage of dsDNA and plasmid DNA 
(Naseem et ah, 1993), we have tested the above finding using 
supercoiled plasmid pBR322 for transformation of HBlOl cells. 
The plasmid pBR322 provides two selective genes, which confer 
resistance to the antibiotics, ampicillin and tetracycline respectively 
in E.Coli host. Figure 30 shows an experiment where plasmid DNA 
was incubated with increasing concentration of riboflavin m the 
presence ofCu(II) for 2 h at 37°C. Competent £.Co/? HB101 cells 
were transformed using this reaction mixture. Transformation 
capacity of treated pBR322 to transform E.Coli was determined 
using Amp and Tet resistance. The experiment also included a 
control where plasmid DNA was incubated without riboflavin. 
Results given in Fig. 30 show that there is a significant decline in 
transformation capacity of pBR322 as compared to control upon 
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Fig. 30 Effect of increasing riboflavin concentration on loss 
of pBR322 transformation capacity. 
1 OO^ g of pBR322 in 1 OO^ il TE \\ as incubated with nboflax m 
and Cu(]l) 40^M each at different time intervals Aliquots 
of competent cells oiE.Coh strain HB101 u ere transformed 
with these reaction mixtures Cells were plated on to Amp 
(50|ig/ml) Tet (1 O^g/ml) supplemented nutrient agar plates 
and the colonies were counted after overnight incubation 
at 37°C 
Cu(Il) concentration was 40^M 
(#) Riboflavin alone 
(O) Riboflavin and Cu(Il) 
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exposure to riboflavin and Cu(II). To determine whether the effect 
of increasing Cu(II) concentration in the presence of riboflavin 
produces similar pattern, the experiment described in Fig. 31 was 
performed. Figure 32 shows loss of pBR322 transformation 
capacity as a function of time. 
Reversion of Ames tester strains in the presence of riboflavin-
Cu([I) 
The reversion of Ames tester strains by riboflavin-Cu(II) at 
the indicated doses in the absence of S9 liver microsomal fraction 
is shown in able 8. Riboflavin-Cu(II) displayed maximum mutagenic 
activity with TA97a and TA98 strains. The tester strain TA102 also 
responded positively, while TAl00 and TAl 04 responded weakly to 
the test compound. The reversion of Ames tester strains as a 
function of Cu(II) concentration also showed similar pattern (Table 
9). 
The strains could usually be listed in the order of their 
sensitivity to riboflavin-Cu(II) as follows: 
TA97a > TA98 > TA102 > TA104 > TAIOO 
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Fig. 31 Effect of increasing Cu(II) concentration on loss 
of pBR322 transformation capacity. 
Riboflavin concentration was 40^M. 
See Fig. Mo. 30 for other details 
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Fig. 32 Effect of time on loss of pBR322 transformation 
capacity. 
(#) in presence of riboflavin alone. 
(O) in presence of riboflavin and Cu(Il) 
Riboflavin and Cu(Il) concentrations were 40^M each 
See Fig 30 for other details. 
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TABLE 8 
REVERSION OF AMES TESTER STRAINS WITH 
RIBOFLAVIN IN PRESENCE OF Cu(II) WITHOUT 
METABOLIC ACTIVATION 
Ames S 
TA97a 
TA98 
TAIOO 
TA102 
TA104 
itrain 
Control 
104 
39 
180 
240 
310 
10 
356 
204 
53 
138 
78 
Histidine^ reverta nts/plate' 
Riboflavin (ug/plate)*" 
20 
374 
321 
65 
151 
91 
30 
397 
284 
81 
178 
114 
40 
238 
300 
104 
140 
108 
50 
219 
264 
87 
116 
95 
" The number represents actual histidine revertants. 
In all cases final concentration of Cu(II) was 50ug/plate. 
The values represent mean of three independent experiments 
done in triplicate. 
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TABLE 9 
REVERSION OF AMES TESTER STRAINS WITH Cu(II) IN 
PRESENCE OF RIBOFLAVIN WITHOUT 
METABOLIC ACTIVATION 
Ames Strain Histidine^ revertants/plate' 
Cu(II) (jig/plate)' 
Control 10 20 30 40 50 
TA97a 98 277 302 321 306 291 
TA98 47 214 268 307 283 254 
TAIOO 190 34 52 67 58 42 
TA102 270 72 95 116 108 93 
TA104 342 68 74 84 91 76 
'^  The number represents actual histidine revertants. 
^ In all cases final concentration of riboflavin was 50jug/plate. 
The values represent mean of three independent experiments 
done in triplicate. 
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DISCUSSION PART II 
Although several short term mutagenicity testing systems 
have been developed during the past 15 years. The Ames Salmonella 
system is still recognized as the valid indicator of mutagenicity even 
today (Maron and Ames, 1983). However, it is always desirable to 
carry out a range of tests for a better understanding of actual 
behaviour of the test compounds (Maron and Ames, 1983). We have 
therefore, employed four test systems to check the genotoxic 
potential of riboflavin-Cu(II) namely, (i) transformation, (ii) 
bacteriophage survival, (iii) survival of DNA repair defective £'.co/z 
strain and (iv) Ames test. 
Several workers have used the transformation capacity of 
bacteria with the plasmid DNA as a tool to study the drug-DNA 
interaction and/or DNA damage (Chakraborty et al, 1975; Haque, 
1979; Yuqin et al., 1983; Palu et al., 1987). Results obtained from 
transformation experiments have shown a progressive loss of 
transformmg capacity (Figs. 30, 31 and 32). These results lead us 
to suggest that DNA is modified on riboflavin-Cu(II) treatment, 
which lead to marked biological and structural alterations. Bucala 
et al (1985) have observed the loss in transformation capacity in 
E.Coli cells on the glucose-6-phosphate treatment of pBR322 
plasmid DNA. Moreover, these workers have suggested that DNA 
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plasmid DNA. Moreover, these workers have suggested that DNA 
damaging agents induce unstable mutants whose progeny are lost 
and escape detection. They have reported that the plasmid pBR322 
was mutated on glucose-6-phosphate treatment (Bucala et al, 1984; 
Palu et al, 1987). It may be presumed that the reduction of 
transformation in riboflavin-Cu(II) treated pBR322 as well as 
bacterial cells is the result of DNA damage caused by these 
treatments. Moreover, the in vitro breakage of double-stranded 
pBR322 allows one to predict the frequency of riboflavin-Cu(II) 
damage that may be occuring in the larger genome. 
Phage system serves as a convenient model for the study of 
DNA damage, which is reflected in its plaque forming capacity 
(Musarrat and Ahmad, 1991). The plaque forming ability was 
significantly reduced. Furthermore, if the genotoxicity is due to 
single strand scissions, generated by riboflavin-Cu(II) mediated 
reaction, the effect is expected to be significantly enhanced inpolA 
mutant. These predictions are confirmed by our results given in 
table 6. 
Finally the increase in the number of revertant colonies in the 
presence of riboflavin-Cu(II) in comparison to the control (Table 8 
& 9) indicates the mutagenicity of riboflavin. The number of 
revertant colonies provides an index of the mutagenic activity of the 
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samples (de Series and Ashby, 1981; Levin et ah, 1984). The 
maximum degree of mutagenicity in riboflavin-Cu(II) was generally 
observed with Ames mutants TA97a and TA98. These strains 
contain G-C base pairs at the critical site of mutation, suggesting 
that riboflavin and Cu(II) preferentially act upon G-C base pairs to 
bring about frameshift mutation. Moreover, it is note worthy that 
even in the absence of S9 microsomal fraction, usually the tester 
strains responded significantly (Table 8 & 9). Previous investigators 
(Kuratomiand Kobayashi; Hemae^a/., 1992; Naseeme^c/., 1988, 
1993) have also pointed towards riboflavin and its photodegradation 
products intercalating with DNA with a preference to G-C rich area 
causing a shift in the reading frame. Our results are in good 
agreement with the previous findings. 
Neocuproine, a specific chelator of Cu(I) led to an increase 
in the PFU (Table 5) suggesting that Cu(I) is an essential intermediate 
in the riboflavin-Cu(II) reaction as previously shown (Jazzar and 
Naseem, 1994; Naseem et ai, 1993). 
Reactive oxygen species may be considered as the most 
important class of mutagens contributing to aging and cancer 
(Ames, 1982). Such species when generated in the vicinity of adrug 
bound to DNA are known to lead to strand scission (Aft e^  a/., 1983; 
Dreyer and Dervan, 1985; Sigman et al, 1979). In most cases, 
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hydroxyl radicals have been suggested to be the predominant 
species responsible for damage. In the case of riboflavin, a ternary 
comiplex of DNA-drug-Cu(II) is presumably formed. A redox 
reaction, involving riboflavin and Cu(II) in the ternary complex, 
may then occur with the formation of a DNA-oxidized riboflavin-
Cu(I) complex. This probably acts as a catalyst for the oxidation of 
Cu(I) to Cu(II), during which molecular oxygen is reduced to 
generate a variety of active oxygen species (Halliwell and Gutteridge, 
1984; Wong et al, 1984a,b). Increase in the PFU with riboflavin and 
Cu(II) in presence of various quenchers of reactive oxygen species, 
namely; sodium azide, a quencher for singlet oxygen and triplet 
state; catalase scavenger of H^O^ and mannitol a hydroxyl radical 
scavanger (Table 5) demonstrate a role of these radicals. The 
hydroxyl radical does not appear to have a major role in the DNA 
damage mediated by riboflavin-Cu(II). It is anticipated that '0^ and 
^Oj derived from singlet and triplet state of riboflavin, generated 
upon excitation may be predominant species involved in the DNA 
damage. Other reactive oxygen species like O^  (Naseem et al, 
1988), Oj (Joshi, 1985) and hydroxyl radical (Jazzar and Naseem, 
1994) may also be generated in the reaction when Cu(II), water and 
molecular oxygen are present. 
Previous studies (Naseem et al, 1993) have suggested that 
Cu(II) offers partial protection to the major peak of riboflavin 
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absorbing at 450 nm. The hydroxyl ion and hydroxyl radical 
generated during the reaction in presence of Cu(II) presumably give 
rise to H^O^ (as evident from the protection by catalase) and may 
also be involved in partial hydroxylation of riboflavin. This may lead 
to loss of conjugation of riboflavin and hence decrease in absorption 
at 450 nm. Singlet and triplet state of riboflavin generated upon 
photoillumination, in presence of Cu(II) undergoes demotion in 
part. However, before demotion riboflavin may transfer energy to 
oxygen generating singlet and triplet oxygen respectively. These 
singlet and triplet oxygen together with H^ O^  are probably responsible 
for the damage of macromolecules. With the following scheme we 
proposed the probable mechanism of excitation of riboflavin and 
generation of various reactive oxygen species in the presence of 
Cu(II) and light (Fig. 33). 
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SUMMARY Riboflavin is known to generate superoxide anion upon 
photoillumination and m the presence of Cu{II) causes 
fragmentation of DNA. In the present study we examined the effect 
of riboflavin and Cu(II) on bovine serum albumin, mvertase and 
lysozyme. Using fluorescence quenching experiments, it is shown 
that riboflavin binds to protein and causes fragmentation which 
m the presence of Cu(II) is enhanced. Using neocuprome as the 
Cud) sequestering reagent, it has also been shown that Cu{I) is 
an essential intermediate m the protein fragmentation reaction. 
Results obtained with various scavengers of active oxygen species 
strongly suggest that the species predominantly responsible for 
protein breakage is hydroxyl radical. 
INTRODUCTION 
In the presence of oxygen and visible light, riboflavin has 
been shown to be lethal to animal and human cells m culture and 
induces mutations m microorganisms (1,2). The photodynamic 
action of riboflavin is generally considered to involve the 
generation of active oxygen species (3). 
In earlier reports and more recent studies from this 
laboratory we have shown that riboflavin generates superoxide 
anion (0*2 ) on exposure to visible light (4, 5). The rate of 
formation of the anion is stimulated by double stranded DNA 
and m the presence of Cu(II) hydroxyl radical is generated. It 
was also shown that riboflavin in the presence of Cu{II) caused 
breakage of calf thymus DNA and supercoiled plasmid DNA (5). 
Using BSA and Chinese-hamster ovary cell soluble proteins 
Wolf and Dean (6) have demonstrated the sensitivity of proteins 
to oxygen free radicals derived from gamma-irradiation, metal 
ions and H2O2. Those oxygen free radicals derived from ascorbate 
* 
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and Cu(II) (7) as well -as glucose in presence of oxygen and 
Cu(II) also caused similar effects (8). 
Dean et al (9) have proposed that proline and histidine may 
be the ma^or sites of damage during radical attack upon 
proteins, and they are transformed respectively to glutamate and 
aspartate. The authors, therefore, proposed that histidine and 
proline may be the sites of attack m the cleavage reaction. 
The interaction of photosensitized riboflavin with proteins 
is well studied (10). In the study reported here, the riboflavin 
sensitized photodegradation of bovine serum albumin, yeast 
invertase and chicken egg white lysozyme m the presence of 
Cu(II) has been investigated. 
MATERIALS AND METHODS 
Riboflavin, neocuproine, yeast invertase and chicken egg 
white lysozyme were obtained from Sigma Chemical Co. (St. Louis, 
MO, USA) and bovine serum albumin (BSA) and trypsin from bovine 
pancreas were from Sisco Chemical Co. (Bombay, India). All other 
chemicals used were of analytical grade. 
Reaction of riboflavin and Cu(II) with proteins and their 
susceptibility to tryptic digestion. 
The reaction mixture m a final volume of 1ml contained 
lOmM potassium phosphate buffer pH 7.2, 2mg of BSA and various 
concentrations of riboflavin without or with 200 vM CUCI2. After 
specified times the reaction was terminated with 0.1 ml of 10 mM 
EDTA and 0.5 ml of 10% trichloroacetic acid (TCA). In some 
experiments neocuproine, or free radical scavengers like sodium 
azide, superoxide dismutase (from Bovine erythrocyte), catalase 
(from Bovine liver), potassium iodide, sodium benzoate and 
mannitol were included. Where indicated the samples were further 
incubated for 30 minutes after the addition of 10 vg trypsin at 
37°C. The generation of material soluble m 10% TCA was assayed 
by the method of Lowry et al (11). Invertase (5 ug) and lysozyme 
(10 vg) were assayed according to the standard procedures of 
Goldstein (12) and Jolles (13) respectively. Before assay, the 
enzymes were preincubated with riboflavin or riboflavin and 
Cu(II) at 200 m each for 2 hr at 25°C m fluorescent light (800 
lux). Hydroxyl radical formation was assayed by the method of 
Richmond (14). 
SDS-polyacrylamide gel electrophoresis 
The reaction mixture (0.1ml) consisted 1 mg of BSA and 
riboflavin or riboflavin and Cu(II) at 200viM each. After 
different time intervals at 25°C, the reaction was terminated 
with 0.1ml sample dye which also contained ImM EDTA. The samples 
were separated on 10% (w/v) polyacrylamide gels prepared by the 
method of Laemmli (15). Gels were stained with silver nitrate 
method (16). 
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RESULTS AND DISCUSSION 
The fragmentation of BSA by riboflavin and Cu<II) was 
examined by SDS-PAGE (Fig. 1.) The BSA was fragmented to 
heterogeneous sized molecules by riboflavin alone. In the 
presence of Cu(II) fragmentation was enhanced. The reaction was 
time dependent. Riboflavin alone appeared to induce crosslinkmg 
of BSA (Fig.l, lanes b, d and f) however, in the presence of 
Cu(II) this effect was not seen (Fig.l, lanes c, e and g). In 
order to make the analysis quantitative we used a chemical assay 
for release of acid-soluble peptides. We further confirmed that 
the release of such peptides was dependent upon riboflavin and 
Cu(II) concentration. Fig.2 gives the TCA-soluble material 
released on incubation of BSA with riboflavin alone, with 
riboflavin and CulII), and subsequent digestion of the product of 
these reactions with trypsin. The acid-soluble material released 
from BSA as a result of exposure to riboflavin and fluorescent 
light as well as its susceptibility to cleavage by trypsin was 
considerably greater m presence of Cu(II). The effect of 
increasing Cu(II) concentration on the acid-soluble peptides is 
shown m Fig.3. As expected some acid-soluble material is 
released in the absence of the metal and addition of Cu(II) 
causes a several-fold increase in the release of such material. 
These results suggest that incubation of BSA with riboflavin 
alone or in the presence of Cu(II) leads to conformational 
changes which enhance susceptibility to enzymic proteolysis. 
Possibly the oxygen radical-mediated cleavage leads to the 
exposure of buried sites for trypsin cleavage. 
Involvement of oxygen free radicals m the reaction 
Previous studies in this laboratory have demonstrated that 
riboflavin generates superoxide anion and singlet oxygen and, m 
the presence of Cu(II), hydroxyl radical (5). For this reason the 
effect of several free radical scavengers on BSA degradation was 
examined : sodium azide is a singlet oxygen scavenger; superoxide 
dismutase and catalase remove the superoxide radical (0*2 ) and 
hydrogen peroxide (H2O2), respectively; potassium iodide is a 
triplet state quencher (17); sodium benzoate and mannitol 
eliminate hydroxyl radicals (3,18). As shown in Table 1, BSA 
885 
Vol. 34, No. 5,1994 BIOCHEMISTRY and MOLECULAR BIOLOGY INTERNATIONAL 
Fig. 1 SDS-polyacrylamide gel electrophoresis of BSA incubated 
with riboflavin and Cu(II). 
Lane a - Control (incubated BSA alone). 
Lanes b, d, f - riboflavin + BSA Ihr, 2hr and 5hr 
incubation respectively. 
Lanes c, e, g - riboflavin + BSA + Cu(II) Ihr, 2hr 
and 5hr incubation respectively. 
fragmentation mediated by riboflavin and Cu(II) is strongly 
inhibited by potassium iodide and sodium azide confirming the 
involvement of the flavin triplet state and singlet oxygen. The 
inhibitory effect of sodium benzoate and mannitol was significant 
but less pronounced, suggesting that hydroxyl radicals may also 
be involved m the BSA degradation reaction. Superoxide dismutase 
caused 25% inhibition, whereas catalase substantially inhibited 
the breakage reaction, indicating the requirement for H2O2 in a 
pathway that leads to reactive species, of which singlet oxygen 
and hydroxyl radicals are proximal BSA modification reagents. As 
seen m Table 2 the presence of Cu(II) leads to an increased 
production of hydroxyl radicals. 
Involvement of Cud) in the reaction 
In order to investigate whether sequestration of Cu(I) 
results m abolition of BSA fragmentation, the Cu(I) sequestering 
reagent neocuproine was used. In a control experiment, the 
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Fig. 2 Tryptic proteolysis of BSA after incubation with 
riboflavin m the presence of Cu(II). 
[ncreased susceptibility of BSA (2mg/ml) to tryptic 
hydrolysis after exposure to varying concentrations of 
riboflavin in the absence as well as m the presence of 
200uM Cu(II) is shown. The reaction mixture was 
incubated at 25°C for 6hr before addition of lOvg 
trypsin. The samples were further incubated at 37°C for 
30 minutes. The Lowry positive material corresponding 
to the total amount of BSA was taken as 100 percent for 
the calculation of percent acid-soluble peptides m 
each sample. A without trypsin treatment; A without 
trypsin treatment in presence of Cu(II); • with trypsin 
treatment; O with trypsin treatment in presence of 
Cu(II). The values are the mean of triplicate samples. 
neocuproine-Cu(I) complex was shown not to generate any acid-
soluble peptides. The effect of neocuproine on the riboflavin and 
Cu(II) reaction was determined by measuring acid-soluble peptides 
m the absence (A) and in the presence of neocuproine (B). The 
percent inhibition [100 x (A-B)/A] plateaued at a 
neocuproine/CudI) ratio of 2 (Fig.4), confirming that Cu(I) is 
an essential intermediate, a finding consistent with a simple 
sequestration mechanism for inhibition as the stochiometry of 
neocuproine-Cu(I) complex is 2:1. 
Enzyme mactivation by riboflavin 
Previous study (19) has shown that exposure of catalase from 
bovine liver to the photosensitizers riboflavin or 
hematoporphyrin caused conformational changes in the enzyme. The 
activity of catalase decreased in the presence of light and 
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I 
25 50 75 100 125 150 175 200 225 
Cu(II)(uM) 
Fig. 3 Effect of Cu<II) concentration on fragmentation of BSfl 
by riboflavin. 
Reaction mixtures in a final volume of 1ml containing 
2mg BSA, 200uM riboflavin and varying concentrations of 
Cu(II) were incubated at 25°C for 6hr. (Other details 
are described in legend of Fig. 2). 
TABLE 1 
Inhibition of tryptic proteolysis sensitivity of BSA after 
treatment with riboflavin and Cu{ll) m the presence of 
scavengers of oxygen free radicals. 
RADICAL SCAVENGER AMOUNT ADDED INHIBITION (%) 
Superoxide dismutase 
Catalase 
Sodium azide 
Potassium iodide 
Sodium benzoate 
Mannitol 
50 ug/ml 
50 ug/mj 
50 mM 
50 mM 
50 mM 
50 mM 
25 
63 
80.48 
71 
5 9.53 
37.8 
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TABLE 2 
Formation of hydroxy! radicals in presence of riboflavin and 
increasing Cu(II) concentration. 
HYDROXYLATED SALICYLIC ACID 
FORMED (nmoles) 
Riboflavin alone 
Riboflavin + 25 v»M Cu(II) 
Riboflavin + 50 vM Cu(II) 
Riboflavin + 100 pM Cu(II) 
Riboflavin + 150 uM Cu(II) 
Riboflavin + 200 uM Cu(II) 
50.46 
57.54 
66.15 
73.85 
81.98 
89.61 
Reaction mixtures m 2ml containing 200uM riboflavin and varying 
concentrations of Cu(II) as indicated above and 2 mM salicylic 
acid were incubated at 25 C in fluorescent light for 2hr. 
Determination of hydroxylated salicylic acid was performed by the 
method of Richmond (14). 
1 
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60 
50 
40 
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20 
10 
-
1 
jf « -
1 ' 1 I 
1 2 3 
NEOCUPROINE/Cu(II) 
of riboflavin Cu(II) mediated Fig. 4 Inhibition of riboflavin and 
fragmentation of BSA by neocuproine. 
Reaction mixture in a final volume of 1ml containing 
2mg BSA, 200uM riboflavin and 200yM Cu(II) and varying 
concentrations of neocuproine, reactions were incubated 
for 6hr at 25°C. 
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photosensitizers. Therefore, it was of interest to examine the 
riboflavm-mediated inactivation of the lysozyme and mvertase m 
the presence of Cu(II). The results show that Cu(II) enhanced the 
rate of inactivation of the enzymes significantly (Fig.5). 
The formation of complexes of riboflavin, proteins and Cu<II) 
Evidence for the binding of riboflavin to protein was 
obtained from fluorescence spectra as described m Fig.6. The 
fluorescence quenching of BSA (0.7yM) was measured with 
riboflavin concentration m the range 0-49yM (Fig.7). The 
fluorescence of BSA decreased with increasing concentration of 
riboflavin. Similar experiments were performed with lysozyme and 
mvertase (results not shown). From a Scatchard analysis of the 
data (20), the binding affinity of BSA was compared with that of 
the two other proteins which differ in tryptophan content i.e. 
lysozyme and mvertase. The binding affinities of BSA that has 2 
100 
^ 60 
4 8 12 16 
Time (minutes) 
Fxg. 5(a) Lysozyme inactivation by riboflavin and Cu(II). 
Reaction mixture in a total volume of 1ml containing 
lOug of lysozyme, 200jjiM of riboflavin and 200uM of 
Cu(II) was incubated at 25°C for 2hr m fluorescent 
Enzyme activity was assayed as described by Jolles(13). 
^ Lysozyme alone; J^  Lysozyme and Cu(II); « Lysozyme 
and riboflavin; O Lysozyme, riboflavin and Cu(II). 
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Fig. 5(b) Invertase mactxvation by riboflavin and Cu(II). 
Reaction mixture in a total volume of 1ml containing 
5ug of invertase, 200uM of riboflavin and 200uM of 
Cu(II) was incubated at 25°C for 2hr. Enzyme activity 
was assayed as described by Goldstein (12). A Invertase 
alone; J^ Invertase and Cu(II); # Invertase and 
riboflavin; O Invertase, riboflavin and Cu(II). 
Trp residues per molecule (21, Fig. 7a), lysozyme that has 6 Trp 
residues (22, Fig.7b) and invertase that has 33 Trp residues (23, 
4 4 4 - 1 
Fig.7c) were 1.95 x 10 , 1.53 x 10 and 3.35 x 10 LM 
4 4 
respectively, which were enhanced to 6.168 x 10 , 4.9 x 10 and 
4 -1 36.65 X 10 LM respectively m the presence of Cu(II). 
Similarly the capacity number of moles of riboflavin bound per 
mole of protein (n) increased in the presence of Cu(II). It is 
seen that the binding capacity of invertase is higher than that 
of the two other proteins, possibly reflecting the higher 
tryptophan content and that these residues are m hydrophilic 
environment (24). These results are consistent with the enhanced 
degradation of protein by riboflavin m the presence of Cu(II). 
The exact mode of binding of riboflavin to proteins both in the 
absence and presence of Cu(II) remains unknown. 
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Fig. 
300.0 400.0 
Wave length 
Fluorescence emission spectra. 
Fluorescence emission spectra of BSA (0.7uM) trdce A, 
BSA with Cu(II) (49)jiM) trace B, BSA with r i b o f J a v m 
(49yM) trace C and BSA with riboflavin in presence of 
Cu(II) trace D. The excitation wave length 
and emission slit was 5nm. 
was !8 2nrn 
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00 
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Fig. 
1.0 2.0 3.0 4.0 5.0 
Q 
Scatchard plot for BSA, invertase and lysozyme. 
Scatchard analysis for BSA (a), lysozyme (b) and 
invertase (c). Scatchard plots were obtained u^mg 
relationship of fractional quench (Q) with Q/B, where B 
represents the concentration of unbound ligand (20). 
The filled and unfilled circles represent results 
obtained in the presence and absence of Cu(ii) 
respectively. 
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